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ABSTRACT
The reliance on conventional cropping has profoundly impacted agricultural
sustainability and resulted in soil degradation. Winter cover crops can preserve the soil surface,
recycle soil nutrients, and improve soil health. Hence, the role of cover crops in Louisiana rowcrop production was examined in small-scale plots and large-scale on-farm studies at three sites
in Northeast Louisiana from 2017 to 2020. Additionally, mixed cover crops degradation and
nutrient release were evaluated at Macon Ridge and Dean Lee sites to determine the optimum
time of nutrient availability after cover crop termination. The small-scale results showed that
integrating cover crops for corn (Zea Mays) production could reduce the nitrogen (N) fertilizer
requirement. Legume cover crops maximized corn production at 90 kg N ha-1, while grass &
brassica optimized corn grain yield at 179 kg N ha-1. Nitrogen fertilizer addition boosted soil
organic matter by 8% relative to fallow treatment regardless of cover crop types. The soil
extractable phosphorous (P) concentration was greater under legumes compared to grass &
brassicas, while the grass & brassica had a higher soil extractable potassium (K) level than
legume. Cover crops and N fertilizer added improved soil health, including soil enzymes for C
and N cycling. Total microbial abundance was higher at 90 to 179 kg N ha-1 in spring among
different N treatments. Arbuscular mycorrhizal fungi were increased in grass & brassica
treatment compared to legume covers. The cover crops mixtures produced more biomass and
assimilated more N than fallow treatments. The polyculture cover crop mixes tended to have
more biomass and N produced. Two months after termination, degradation of biomass
contributed to cycling nutrients to the soil. The optimum timing of inorganic N availability to
cash crop was 6 weeks after cover crop termination. On-farm demonstrations showed that mixed
cover crops significantly increased soil organic matter in site 1. At site 2, soil β-glucosidase and
soil protein-N concentrations under mixed cover crops were higher than the fallow. However, no
ix

difference between treatments was observed in site 3 soil, likely due to site-specific differences.
Soil enzymes, protein-N, and active C all increased over time in all cover-cropped fields.

x

CHAPTER 1. INTRODUCTION
1.1 Row crop production in Louisiana
Agriculture is the backbone of Louisiana’s economy. Louisiana’s subtropical climate can
provide a wide range of agricultural commodities, including timber, poultry, sugarcane
(Saccharum officinarum), soybeans (Glycine max), marine fisheries, aquaculture, cattle and
calves, horses, rice (Oryza sativa), and feed grain crops (LSUAgCenter, 2018a). The area of
Louisiana land in farms in 2019 was 3,237,485 hectares (ha) or nearly 30% of the total land area
(USDA-NASS, 2019). The primary cash crops produced in the state are soybean (360,170 ha),
corn (Zea mays; 220,554 ha), sugarcane (17,8871 ha), and cotton (Gossypium; 113,312 ha)
(USDA-NASS, 2019). These cash crops contributed more than $2.3 billion to the state’s
economy in 2017. Soybean and corn grain production values were $362.2 and $355.2 million,
respectively, while cotton accounted for $186.3 million in the same year (USDA-NASS, 2019).
Of the macronutrients and micronutrients required for optimum crop growth, nitrogen (N)
is the most limiting nutrient in crop production (Havlin et al., 2016), and crops need a large
amount of N to maintain growth (Jones, 2015; Watts et al., 2014). Nitrogen is generally scarce in
non-leguminous crops like corn that is mainly produced in the northeast part of Louisiana. Under
an intense production system, corn typically requires higher inputs of nutrients than cotton and
soybean. Nitrogen recommendations for corn to maximize grain yield depend on soil conditions
and irrigation systems and range from 134 to 302 kg ha-1 based on LSU AgCenter
recommendations (Jones, 2015; LSUAgCenter, 2019). Nitrogen recommendation rates for cotton
is lower at 67 to 135 kg ha-1 (LSUAgCenter, 2020). In contrast, soybean, a legume crop, can
utilize N obtained through biological N fixation where bacteria (Bradyrhizobium japonicum)
transform atmospheric N into a plant-available form of ammonium in active nodulation. Nodules
1

supply 80% N for soybean. In Louisiana, inoculant-rhizobia utilization for soybean is applied
directly to seed, prior to planting (LSUAgCenter, 2018b).
With an increasing population, there are efforts to produce enough food to serve the
world population. Conventional agriculture causes soil erosion, resulting in negative effects on
farming's productivity and sustainability (Arnhold et al., 2014). Moreover, intensive agriculture
practices, such as high input synthetic fertilizers and tillage, have caused severe environmental
problems (Gaynor & Findlay, 1995; Mondelaers et al., 2009) and decreased organic matter
inputs (von Arb et al., 2020). These unintended side effects have caused soil degradation
resulting in low crop production (Alam, 2014; Lal, 2009).
1.2 Traditional production practices
Although tillage can be used for weed control, remediation of soil compaction, and
seedbed preparation, researchers reported that using intensive tillage for crop production was
adversely resulting in depleted soil organic matter (Reicosky et al., 1995). Tillage may encourage
soil erosion because it buries plant residues and leaves the soil exposed. Moreover, it increases
decomposition rates of crop residue and organic matter. Consequently, a negative long-term
impact on soil structure may lead to reduced water infiltration rates and substantially decreased
soil water-holding capacity (Wander & Bollero, 1999). Therefore, reduced tillage or no-till is
needed to maintain productivity. Many reports revealed that no-till reduced soil erosion and
enhanced water filtration and soil organic matter quantity, increasing soil water storage (Wander
& Bollero, 1999). Maximizing crop production requires high inputs of synthetic fertilizers. When
fertilizers are used over a long-term with over-use (i.e. more than the recommended rates) they
can result in the accumulation of fertilizers' mineral salts. In consequence, it results in soil
compaction and soil deterioration, affecting plant nutrient uptake (Massah & Azadegan, 2016).
2

1.3 Soil health
The term “soil health” is crucial to understand. Biological productivity, the environment,
and human health are the main subjects related to this concept. Hence, “soil health” is the
capacity of a soil to function, within natural or managed ecosystem boundaries, to sustain plant
and animal productivity, maintain or enhance water and air quality, and support human health
and habitation” (Karlen et al., 1997). The indicators for soil health assessment must also be
considered. The U.S. Department of Agriculture (USDA) recommended numerous indicators for
soil health, for example, soil organic carbon content, aggregate stability, enzyme activities, such
as β-glucosidase, N-acetyl-β-D glucosaminidase, and arylsulfatase, microbial community
composition, and available organic N. Many of these indicators are sensitive to changes due to
management as well as other abiotic factors. Although soil organic C is contained in less than ten
percent of the soil surface, it provides numerous advantages, including providing a source of
energy for microorganisms, improving soil structure, water holding capacity, and plant-available
nutrients. Additionally, aggregate stability can improve soil structure to allow for increased water
infiltration. Finally, microbes generate many enzymes that decompose plant, animal, and
microbial materials that release inorganic nutrients for plant uptake and improve crop yields
(NRCS, 2020). By implementing best management practices, we expect to see improved soil
health and ultimately more sustainable production practices.
1.4 Best management practices
Agricultural activities are a major cause of non-point source pollution via surface runoff,
such as sediments, nutrients, and pesticides (Dowd et al., 2008; Schulz, 2004). For example,
excess use of N fertilizer can runoff when heavy rain events occur or leach through the soil
profile. The most common form of inorganic N is nitrate and increased levels of nutrient
3

concentrations in water bodies can cause eutrophication, which is potentially harmful to aquatic
ecosystems (Carpenter et al., 1998). Hence, there is a growing awareness of the impacts of
nonpoint sources of pollution. Best management practices are tools to manage the land and
activities to alleviate pollution of surface and groundwater.
Various agricultural best management practices reduce pollutant discharges, including
conservation tillage, crop nutrient management, and erosion and sediment control. In particular,
conservation tillage is a practice to leave plant residues covering soil surface to reduce soil
erosion and nutrient runoff. Crop nutrient management ensures that all nutrients are available to
meet crop demands while also minimizing nutrient runoff. At the same time, these practices can
relieve soil degradation to enhance soil productivity.
Crop rotations help sustain soil fertility, such as rotating row crops and cover cropping.
Rotating crops can provide ground cover all year, keeping the soil covered specifically in the
fallow season. Keeping soil covered reduces moisture loss to evaporation and improves soil
biological activity, which is an indicator of soil health. Crop rotations also enhance the diversity
of soil fauna and microorganisms (McDaniel et al., 2014). Soil quality is increased when soil
biology is enhanced with diverse groups of soil organisms, such as earthworms, bacteria, and
fungi. Furthermore, an abundance of studies suggests that planting cover crops is also an
effective way to address soil degradation (Basche et al., 2016; Dabney et al., 2001). Crop
rotation sequences provide greater options for reducing threats from disease, insect, and weeds as
well (Peters et al., 2003; Weisberger et al., 2019). Cover crops can help mitigating soil
degradation and increasing soil functionality. Integrating cover crops into crop rotations
contributes to increasing soil C sequestration and organic matter (Hubbard et al., 2013; Poeplau
& Don, 2015). Implementation cover cropping system reduced soil nitrate leaching and N
4

retention, and enhanced the soil structural stability and the water holding capacity (GarcíaGonzález et al., 2018).
1.5 The negative and positive effects of cover crops
A cover crop is a crop grown for preserving soil fertility and productivity, but is not
intended for harvesting. The most common functional groups of cover crops are legumes,
grasses, and brassicas. Leguminous crops, such as Austrian winter pea (Pisum sativum L.),
crimson clover (Trifolium incarnatum), and hairy vetch (Vicia villosa Roth), are usually planted
in the fall and maintained through winter to keep the soil covered after harvesting any cash crop
(Magdoff & Van Es, 2000). Legumes are chosen as cover crops because of their ability to fix N
from the atmosphere and incorporate it into the soil. For instance, in the southeastern region of
the United States, crimson clover, hairy vetch, Austrian winter pea are the most utilized cover
crops because of their very robust growth and their ability to provide large amounts of N to the
following crop (Dabney et al., 2010; LSUAgCenter, 2012). However, there is increasing interest
in using nonlegumes as cover crops, including grasses and brassicas. Grass species are known for
scavenging nutrients, especially N that remains in the soil from the previous crop (Finney et al.,
2016). With abundant growth, grasses produce a large amount of residue which can become
organic matter when added to the soil (Pantoja et al., 2016). Furthermore, with extensive root
systems, grasses, like annual cereals [cereal rye (Secale cereal L.), wheat (Triticum aestivum L.),
and black oat (Avena strigosa)], have the potential to reduce erosion (Baets et al., 2007).
Brassicas are used as winter or rotational cover crops because of their “biofumigation”
characteristics, which generate biotoxic chemicals to reduce weeds, nematodes, and disease in
the following crop (Wang et al., 2008). Brassicas also reduce soil compaction due to their large
root systems (Chen, 2009). Forage radish (Raphanus sativus var. longipinnatus), for example,
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can be winterkilled in northern regions and quickly decomposed, leaving an aerated soil (Clark,
2008).
There are apparent negative aspects regarding growing cover crops that need to be
considered. The demand for water, increased pest and disease populations, and higher managing
costs are the most common concerns for growers/farmers. Water demand is a notable problem as
cover crops can compete with the cash crop for soil moisture. Consequently, cash crop
production and quality may be potentially decreased. This includes competing for nutrients as
well. This is especially detrimental in areas that have limited rainfall, which can result in delayed
growth of cover crops, and in the end, growth stops, and the plant dies. As a consequence, the
producer may spend money without getting any benefits (Baker, 2003). Another concern for the
growers is that the cover crops may cause pest and disease populations to increase. Cover
cropping can be a “green bridge” for pests and diseases. Consequently, those pests and diseases
have the potential to harm the cash crops, resulting in reduced crop production. For example, in a
corn field, growing winter pea as a cover can bring stink bugs that result in possible damage to
the seedling corn (Steadman, 2017).
Additionally, the most critical disadvantage for the crop grower is the increased farming
cost. Growing another vegetative crop involves the cost of seeds, establishment, and
management. For instance, planting cereal rye involved $32.37 ha-1 in drilling seed, $18.53 ha-1
for seed, and $50.90 ha-1 for planting, and herbicides were $12.36 ha-1. This resulted in a total of
$114.16 ha-1 (Schnitkey et al., 2016). It seems that there are not any apparent benefits for the
grower in the short term. Moreover, any benefits are still variable and not always well
understood. Termination timing between cover crops and cash crop planting is another concern.
The decision on cover crop termination is involved considering many factors (Bergtold et al.,
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2005), for example, weather, the method and the cash crop types. Moreover, it depended on site
and situation specific. In general, the recommendation to terminate winter cover crops is two to
four weeks before cash crop seeding date (Sailus, 2020).
Growing cover crops helps build a healthy soil by enriching the biological, chemical and
physical properties, such as contributing to N supply, diversifying soil biota, improving
aggregate stability, and preventing soil erosion (Dabney et al., 2001). Research by Tillman et al.
(2004) found that even though crimson clover and rye grass covers brought pests, especially
heliothine moths (Lepidoptera: Heliothinae), they also carried predators to manage those pests.
Heliothine moths damage cotton and crimson clover and rye help increase their populations. At
the same time, cover crops also increased predators like fire ants (Solenopsis invicta Buren) and
G. punctipes, which prey on the moths resulting in a decrease of the heliothine population in the
cotton field. Research by Hinds et al. (2013) supports that growing Sunn hemp (Crotalaria
juncea) as a cover crop increased the number of beneficial nematodes in a zucchini crop in
Maryland, associating with nutrient cycling and soil health. Basche et al. (2016) stated that
growing winter rye over 45 years as a cover crop had no effect on crop yield, but did help to
reduce soil erosion. They found that cover crops reduced soil erosion by 11 to 29 % over a
decade. Liang et al. (2014) reported that Austrian winter pea had the potential to improve soil
fertility because it showed the highest β-glucosidase and β-glucosaminidase activities and
nitrification potential, relative to hairy vetch and crimson clover. Forage radish and winter pea
grown as cover crops were productive in reducing N fertilizer application of potato. Moreover,
planting potatoes after forage radish and winter pea cover crops resulted in increased potato
production while reducing N fertilizer application (Jahanzad et al., 2017) .
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1.6 Soil microbiology and the effect of cover crop on soil biological properties
Soil microbial communities play a crucial role in the decomposition processes of plant
residues and stabilizing soil organic matter, including forming soil aggregates (Lützow et al.,
2006; Purahong et al., 2016). Generally, bacteria are efficient at utilizing easily available
substrates with high turnover rates whereas more complex organic materials, in particular lignin,
cellulose, and hemicellulose are favored by fungi which have the enzyme capacity to breakdown
those compounds. This ability for the fungi to degrade complex materials results in bacteria
growing better with fungi during the degradation processes. This is due to the bacteria obtaining
the intermediate decomposition products from fungi. Therefore, it can be assumed that bacteria
mainly degrade polysaccharide compounds after high complex molecular compounds like lignin
are decomposed by fungi. (Romaní et al., 2006). Purahong et al. (2016)’s study showed that
during decomposition, changes in litter quality caused a cross-kingdom shift of fungi and
bacteria. Actinomycetes, a Gram-positive bacteria, can degrade lignin (Godden et al., 1992), and
mineralize the products released by fungi (Rüttimann et al., 1991), making them an important
component in the degradation process. Essential nutrients, substrate C/N ratio, and soil pH were
significant influencers in fungal and bacterial communities. Plant residues with a wide C/N ratio
favored fungal growth (Grosso et al., 2016). However, the richness of bacteria was positively
correlated with C, N, and phosphorus acquisition of hydrolytic enzymes. A meta-analysis from
Muhammad et al. (2021) reported that cover crops increased soil microbial properties compared
to a no-cover crop treatment because of more C and N input from cover crop residues. They also
found that fungi responded to cover crops more than bacteria.
Healthy soil is not only a fertile soil for plant growth but also reflects balance among
microbial communities which can suppress plant diseases. The microbial biomass in soil mainly
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consists of bacteria and fungi. There are protozoa, algae, nematodes and micro-arthropods as
well (Schjønning et al., 2004). The cover crops that are grown to build up nutrients and organic
matter can also promote soil microbial activity and abundance. Trivedi et al. (2016) found that
microbial structure in agriculture fields was more diverse than in natural areas in a dry climate. It
is supported by the fact that Actinobacteria and Chloroflexi were relatively more abundant in
agricultural systems than a natural system, where Acidobacteria, Proteobacteria and
Cyanobacteria were found. They also claimed that bacteria groups can be used as an indicator of
soil health. Greater microbial diversity indicates a healthier soil (Schjønning et al., 2004). Zhou
et al. (2017) studied the effects of long-term urea N fertilizer application on soil bacterial
communities in black soils over two crop seasons in China. They reported that N application
reduced soil pH and the number of bacterial communities. On the other hand, bacterial diversity
potentially was reduced by N addition and altered composition of bacterial groups by increasing
the relative abundance of Proteobacteria and decreased populations of Acidobacteria and
Nitrospirae in both seasons. An experiment conducted for four years in a boreal forest showed
that N application resulted in significant changes in soil bacterial and fungal community
composition, and these were significant differences among spring, summer, and fall communities
(Yan et al., 2017). When cover crops and N fertilizer rate were integrated for row crop
production, the application of 235 kg N ha-1 reduced arbuscular mycorrhizal fungi but enhanced
Gram-positive bacteria. They stated that small variations in C/N ratio and lignin and cellulose
contents in cover crop biomass could cause great differences in soil microbial properties. Frasier
et al. (2016) observed that residue addition was potentially driving soil microbial community
composition becoming dominated by bacteria independent of residue quality in Argentina. They
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also found greater soluble N availability in crop sequences that included vetch which partly
explained the increase in Gram-positive bacteria in the soil.
Active soil C indicates the mineralization potential of the soil C pool and can be used to
measure available energy sources for the soil microbes (Culman et al., 2012). The microbes
consume food and release CO2. Therefore, CO2 respiration represents microbial activity in the
soil and is often used as an indicator of soil health (Chu et al., 2019). Low CO2 emission
indicates that the soil may be degraded. The higher quantity of CO2 emission is correlated with
greater potential N mineralization. Previously, Cates et al. (2019) reported that a single species
of cover crops (annual rye and bluegrass) could build up the active C pool in a maize cropping
system over three years.
1.8 Impact of cover crops on soil nutrient cycling
The primary component in plant residue is C; therefore, cover crops can input soil C
affecting C sequestration. After cover crops termination, a lot of residues are left on the ground
surface that become an energy source for soil microbes, who play a key role in the
decomposition process (Sylvia et al., 2005). Although labile C fractions accounted for a small
amount of soil organic matter, the microbial community can efficiently utilize these fractions for
metabolic activity. Plant biomass decomposition significantly affects total organic C, especially
in a no-till system where 100% of remaining residue accounted for 42 g kg-1 of total organic C
(Roldan et al., 2003). Another study found that Mucauna pruriens var utilis, a legume cover,
had the potential to improve C sequestration in the sandy loam Ultisol soil under maize
cultivation (Barthès et al., 2004). Carbon sequestration may help to reduce the C based
greenhouse gases in the atmosphere. For example, when Sunn hemp was introduced in a rotation
as a late summer cover crop, it added significantly more C to the soil than only using crimson
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clover as a winter cover alone (Hubbard et al., 2013). This study also showed that cover crops
under conservation tillage increased C and N levels in the top 2.5 cm of soil.
Cover crops can supply N for the primary crop in a significant amount. Legumes can
supply N, typically at 112-135 kg N ha-1 aboveground biomass grown in Louisiana. Legumes
acquire N by N fixation and scavenge residual N in the soil. Leguminous cover crops rapidly
mineralize N after termination (Wagger, 1989). The grass group can supply 56 kg N ha-1 and
sequestered the N and other nutrients at a slower rate than legumes (LSUAgCenter, 2012). When
a grass was mixed with a legume, the N assimilation in cover crop materials was increased. The
mixture of cereal rye and hairy vetch assimilated the N at 71 kg N ha-1 (Lawson et al., 2015).
Forage radish, a brassica, produced approximately 50 kg N ha-1 as the same amount as black oat
produced in Pennsylvania. Whereas, the shoot and root of forage radish assimilated N 96 and 43
kg N ha-1 in Massachusetts, respectively (Jahanzad et al., 2016). Forage radish had the fastest N
release rate during the decomposition process on the soil surface, followed by winter pea (Pisum
sativum subsp. arvense L.) (legume) and cereal rye (Secale cereale L.) (grass) (Jahanzad et al.,
2016).
Nitrogen released from cover crops depends on species, age, growth stages and climate
(Luna-Orea et al., 1996; Lupwayi et al., 2006b). In general, legumes release N faster than
grasses. For instance, hairy vetch (decomposition rate constant (k) = 0.3494) released N more
rapidly than cereal rye (k = 0.1955) (Singh et al., 2020; Wagger, 1989). Lignin, carbohydrates,
and cellulose constituted from 70 to 90% of plant tissues, which can influence the N release rate
from the cover crop residue (Fioretto et al., 2005). It has been confirmed that leguminous species
of cover crops have the potential to contribute N to following crops while grasses and brassicas
are better at catching residual N before it is lost through leaching or runoff (Dabney et al., 2001).
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Cover crops are needed to be planted early following the main crop harvest to maximize their
growth time and biomass produced. For this reason, the N accumulation produced could be
significantly higher with earlier planting (Lawson et al., 2015).
Leguminous cover crops have the ability to fix N, so they generally supply soil inorganic
N in larger amounts than other cover crop groups. Hairy vetch provided soil inorganic N more
than four-times that produced by cereal rye (Chinta et al., 2020). Similar findings from Finney et
al. (2016) indicate hairy vetch and red clover supplied greater amounts of soil inorganic N than
cereal rye, black, oat and forage radish. However, Khan and McVay (2019) reported that among
monoculture legumes, grasses, and brassicas, there was no significant difference in soil nitrate-N
after termination in spring in Montana. In contrast, the grass cover crops can help N retention
and efficiently reduce nitrate leaching during initial maize growth than a legume cover crop
(Gabriel et al., 2012).
Although numerous studies have demonstrated cover crops adoption impacts on soil
fertility and soil biology across the US regions, there is still limited literature on the effect of
cover crop on nutrient cycling and soil biological properties that link to soil health in the MidSouth region. There is still a deficit of work that has been done to examine which nutrients are
released from biomass at what rate, including the optimum time of inorganic N availability for
the subsequent cash crop. So, it is imperative to study the uses of cover crops in the Mid-South.
Such information could be used to support producers in making efficient decisions to maintain
and enhance long-term soil fertility and biological activity. The objectives of this study are:
1

To examine the interaction of cover crops and N fertilizer rates on corn yield, soil
biological properties, nutrient cycling, and microbial composition in a conservation
tillage corn production system in Louisiana.
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2

To determine cover crop biomass degradation and nutrient release from cover crop
biomass and identify the optimum time for inorganic N availability for the subsequent
cash crop.

3

To demonstrate the impact of fallow season cover crops on soil health in Louisiana rowcrop production following corn, soybean, and cotton cash crops.
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CHAPTER 2. COVER CROPS AND NITROGEN RATES IMPACT ON
SOIL CHEMICAL AND BIOLOGICAL PROPERTIES IN LOUISIANA
NO-TILL CORN PRODUCTION
2.1 Introduction
Corn (Zea mays L.) is one of the major cash crops across the U.S. (37,109,673 hectares)
and in Louisiana (230,670 hectares) in 2019 (USDA-NASS, 2019). Corn is widely used for grain
and ethanol production, and macro-and micronutrients are needed to achieve optimal production,
particularly nitrogen (N), often the most limiting nutrient. In general, N fertilizer recommended
in the Mid-South ranges from 135 to 235 kg N ha-1 depending on soil types (LSUAgCenter,
2019). In conventional corn farming practices, N fertilizer usage causes land degradation, in
return, leading farmers to use high input N fertilizer to maintain high crop production.
Consequently, it increases farming cost, and cause some environmental issues, such as
eutrophication and the dead zone in the Gulf of Mexico (Rabalais et al., 2002).
The living organisms in soils play crucial roles in plant residue decomposition. They help
break down organic residues and mineralize nutrients into the soil (Kuehn et al., 2000). Several
studies reported that fungi are essential in degrading some complex compounds in dead plant
materials, including cellulose, hemicellulose, and lignin, by secreting extracellular enzymes to
catalyze those recalcitrant compounds (Ahmed et al., 2009; Baldrian & Valášková, 2008;
Purahong et al., 2016). Arbuscular mycorrhizal fungi are plant symbionts that can help absorb
and transfer nutrients and water to plant hosts. At the same time, plant hosts provide carbon (C)
sources for the fungi (Powell & Rillig, 2018). Fungi are also involved in soil aggregation and
water stabilization as decomposers and symbionts (Rillig et al., 2002; Wilson et al., 2009).
Bacteria are responsible for nutrient cycling, dead plant biomass decomposition, and organic
matter turnover. As a result, inorganic nutrients are released during these processes (Lladó et al.,
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2017; Reed et al., 2011). Bacteria are the primary natural agents in symbiotic N fixation (Reed et
al., 2011) and N transformation (Kim & Patterson, 2006; Wu et al., 2020). Additionally, bacteria
favor colonizing simple forms of dead plant substances, and fungi help degrade complex
molecules during the decomposing process (Romaní et al., 2006). Labile soil C inputs can alter
the soil microbial community structure. De Graaff et al. (2010) reported that labile C addition
regulated the decomposition more than recalcitrant C compounds because they could control the
microbial composition and activity. Schutter et al. (2001) indicated that cover crop residues
increased FAME diversity and shifted microbial community composition. The significant factors
that influenced microbial community structure were season, soil type, and soil physical and
chemical properties.
Adaptation of conservation agriculture practices, such as cover crops and no-till has been
recommended in many states across the US (Dabney et al., 2010; Mbuthia et al., 2015; Mitchell
et al., 2017). A no-till system increases plant residues remaining on the soil surface after crop
harvest and enhances water infiltration (Govaerts et al., 2007; Mitchell et al., 2017; Nouri et al.,
2019). Cover crops, plants grown without harvesting, have been used for many decades and they
provide a wide range of benefits to the soil ecosystem, including enriching the biological,
chemical, and physical properties, in particular contributing N, diversified soil biota, and
improved aggregate stability, and prevent soil erosion (Adetunji et al., 2020; Alvarez et al., 2017;
Dabney et al., 2001; Langdale et al., 1991; Ryu et al., 2010). Hence, combining cover crops and
no-till could bring a myriad of advantages, including enhanced yield and soil nutritional,
biological, and biochemical soil properties (Mitchell et al., 2017; Mullen et al., 1998; Sanchez et
al., 2019a). For example, Chen and Weil (2011) found that under a no-till system in cool to
temperate, humid climates, a mixture of forage radish (Raphanus sativus var. longipinnatus ) and
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cereal rye (Secale cereale) was the most practical and advantageous for main summer crops
because it alleviated soil compaction and increased maize yield. Several studies examined the
interaction of cover cropping, tillage system, and fertilizer input to maintain or improve soil
productivity and increase crop yield. One previous study pointed out that a combination of notill, winter cereal rye, and N fertilizer application improved cotton lint yield in northern Alabama
((Nyakatawa et al., 2000). Mullen et al. (1998) found that a hairy vetch (Vicia villosa Roth)
grown under zero-tillage in corn production promoted significant organic C accumulation
without and with N fertilizer addition (0 and 168 kg N ha−1), and the cover crop increased
bacterial population and β-glucosidase activity under no N input. However, the N rate at 168 kg
N ha−1 increased the enzyme activities in the wheat (grass) treatment.
Another study indicated that agricultural conservation practices in reduced tillage, cover
crops, and fertilizer application rates are associated with microbial biomass and activities related
to soil health and cotton production in west Tennessee. In this study, hairy vetch significantly
increased β-glucosaminidase activity while mycorrhizal fungi were decreased relative to wheat
and no cover crop. Increased N rates reduced mycorrhizal fungi. The results suggest that cover
crops in long-term no-till significantly shift microbial communities and activities in favor of C,
N, and phosphorus (P) cycling and improved yield (Mbuthia et al., 2015). Liang et al. (2014)
reported that Austrian winter pea (Pisum sativum) could enhance soil productivity. Moreover,
planting potatoes after forage radish and winter pea rose potato yield while reducing N fertilizer
need (Emad et al., 2017). In a no-till system, winter cover crops increased soil organic matter
lower to 30 cm in depth in Illinois (Villamil et al., 2006). Additionally, the use of winter cereal
rye as a cover crop reduced soil erosion by 11 to 29 % without affecting crop yield during a 45year period (Basche et al., 2016).
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In Louisiana, the effects of the cover crop have been reported since 1990. Studies mainly
focused on planting crimson clover, hairy vetch, and wheat species to reduce soil erosion,
minimize N fertilizer, add soil organic matter, and maintain the main crop yield (Boquet & Coco,
1993; Boquet & Coco, 1991; Hutchinson et al., 1993). Boquet et al. (2004b) studied the effect of
long-term tillage (7-year), cover crops, and N rates on cotton production in Louisiana's northeast
region. They revealed that cotton fiber yield did not decrease under no-till and cover crops.
Planting cotton following hairy vetch was able to achieve optimal lint yield without N input. On
the other hand, planting cotton following wheat required 118 kg N ha−1 to optimize the yield.
The recent research from Sanchez et al. (2019a) and Sanchez et al. (2019b) demonstrated that
leguminous cover crop treatment could reduce the N fertilizer application for corn production
under a no-till system compared to non-legume in Louisiana. Soil C concentration increased
using cover crops with no-till inclusion, and non-legume cover crop increased potassium (K),
sulfur (S), calcium (Ca), and magnesium (Mg) availability and promoted higher microbial
biomass and all. Soil C, N, S cycling enzyme activities were increased after the use of cover
crops in a no-till system. However, N fertilizer application reduced AMF populations and P
concentrations.
Although there are some studies on the cover crops in the Mid-South, the information
regarding growing cover crops and N fertilizer in the crop production systems and humid
subtropical climate is limited. Considering such information can help producers make decisions
to maintain and enhance long-term soil fertility and biological activity, it is imperative to study
the effects of cover crops in the Mid-South. Therefore, our study's goal was to examine the
interaction of cover crops and N rates on corn yield, soil biological properties, nutrient cycling,
and microbial composition in a conservation tillage corn production system in Louisiana.
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2.2 Materials and methods
2.2.1 Site description
The two-year study was conducted at Louisiana State University AgCenter Macon Ridge
Research Station, Winnsboro, Louisiana (32°0ʹ94ʺN 91°43ʹ24ʺW) in 2017 and 2018. The soil
type was a Gigger-Gilbert silt loam (Soil Survey Staff, 2010) which received an average rainfall
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of 216.5 cm. High and low soil temperatures were 24°C and 21°C, respectively (Figure 2.1).

Date
Precipitation

Soil Avg. High

Soil Avg. Low

Figure 2.1. Average monthly high and low temperatures and total monthly precipitation from
February 2017 through October 2018. * Due to equipment failure, data from Jan.18, Feb.18 and
Mar.18 was obtained from the Dean Lee Research Station, Alexandria, LA.
2.2.2 Experimental design
This research has been described in detail in Sanchez et al. (2019a) however changes in
the N fertilizer rate were initiated in 2017. Briefly, the experimental design was a split-plot with
a randomized complete block design in subplot for a total of 12 treatments and four replications.
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This trial was conducted in a no-tillage field of 0.72 ha. There were two types of covers as the
main plot with four monoculture legume cover crops [consisting of berseem clover (Trifolium
alexandrinum) planted at 22.4 kg ha-1, crimson clover (Trifolium incarnatum L.) planted at 16.8
kg ha-1, winter pea (Pisium sativum L.) planted at 44.8 kg ha-1, and hairy vetch (Vicia villosa
Roth) planted at 22.4 kg ha-1] and three grass and brassicas [consisting of cereal rye (Secale
cereale) planted at 78.5 kg ha-1, forage radish (Raphanus sativus var. longipinnatus) planted at
10.1 kg ha-1, and forage radish and cereal rye mix planted at 4.5 and 72.9 kg ha-1], and a fallow
treatment as a control. In the fallow plot native winter weeds, primarily henbit (Lamium
amplexicaule L.) and ryegrass (Lolium spp.), were allowed to grow with no mechanical nor
chemical control. Cover crop treatments were divided into 16 subplots (4 m x 13.7 m) to which
four N fertilizer rates of 0, 90, 179 and 269 kg N ha-1 were randomly applied as urea (46-0-0).
Triple superphosphate (0-46-0) and potassium chloride (0-0-60) were applied at 67.3 kg ha−1 rate
for P and K fertilizer, respectively. Cover crops were seeded into each plot in mid-October after
harvesting corn in 2017 and 2018 by broadcast seeding using a Gandy 10T-series drop spreader
(Gandy Company, Owatonna, MN). Cover crops were grown over the winter without any further
fertilizer, pesticide, or herbicide application until reaching termination period in February. They
were terminated by application of 2,4-D at a rate of 0.5 kg ai ha-1 and glyphosate (Roundup) at a
rate of 1.5 kg ai ha-1 prior to corn seeded 6 weeks after termination. Corn was seeded by Pioneer
1329HR at the rate of 79,040 plants ha-1 and using planter of John Deere MaxEmerge 2 (John
Deere Manufacturing Co., Moline, IL).
Corn grain yield was recorded following harvest in September of 2017 and 2018 using a
Kincaid 8‐XP (Kincaid Equipment, Haven, KS) plot combine. The corn grains were harvested in
each sub-plot in the two middle rows. A small sample from each sub-plot was used to determine
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grain moisture immediately following harvest using a Dickey-John Grain Moisture Meter
(Dickey-John Corp., Auburn, IL). Corn grain moisture was used to adjust grain yields to 15.5 g
kg−1.
2.2.3 Soil sampling
Treatment effects on soil nutrient parameters, soil biological properties, and microbial
composition were determined by collecting soil samples at two different times after corn grain
harvest in October and after cover crops termination in February of each year. Soil samples were
collected from 0-8 cm depth using a 5 cm diameter soil probe. Six samples were collected from
each sub-plot. After collection, samples were sieved to <4.75 mm and air-dried at room
temperature for five days and used for analysis including soil nutrient concentrations, inorganic
N, and enzyme activities. Field moist soils were kept in the freezer at -20 °C and used for the
analysis of soil moisture, soil organic matter, and microbial community composition.
2.2.4 Soil chemical properties analysis
Soil samples were analyzed for soil pH, soil organic matter, total C and total N, soil
extractable P and K, and inorganic N including NO3--N and NH4+-N. Soil pH was measured in
deionized water at a 1:1 ratio. Soil organic matter was determined by the weight loss-on-ignition
method as described in Nelson and Sommers (1996). Briefly, five grams of field-moist soil were
oven-dried at 105 °C overnight and weighted after cooling in a desiccator. After that, the soil
samples were transferred to a muffle furnace at 400 °C for 24-hour (Barthès et al., 2004) for
ignition. Following combustion, sample weight was recorded again for the determination of mass
loss-on-ignition. Total C and total N were measured using the dry combustion method by LECO
CN Analyzer (St. Joseph, MI). Mehlich-III extractable nutrients (P and K) were measured via
Inductively Coupled Plasma (Lexington, KY). Inorganic N (NO3--N and NH4+-N) were used
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following the method of Mulvaney (1996). Briefly, one gram of air-dried soil was extracted
using 10 mL of 2 M potassium chloride (KCl) and shaking for one hour. Samples were filtered
through Whatman 42 filter paper. The filtrate was analyzed by colorimetric analysis using the
microplate method (Hood-Nowotny et al., 2010).
2.2.5 Soil enzyme assays
β-glucosidase for C cycling and β-glucosaminidase (NAGase) for C and N cycling
enzyme activity in soil samples, measured in mg p-nitrophenol kg-1 h-1, were analyzed. Soil βglucosidase was conducted using the method described by Tabatabai (1994), while NAGase was
assessed using the method described by Parham and Deng (2000). Each sample had a duplicated
sample and a control. Briefly, the air-dried samples and duplicate samples were mixed with a
buffer solution and specific substrate to each enzyme and incubated for 1-hr at 37 °C. Following
incubation, a buffer and flocculant were added, along with the substrate to the control, before
filtering through a Whatman No.2 filter paper. The filtrate was analyzed using a EON
spectrophotometer (Bio Tek, Vermont).
2.2.6 Ester-linked Fatty Acid Methyl Ester (EL-FAME) analysis for microbial community
composition
Soil microbial community composition was determined using EL-FAME profiles
(FAMEs) following Schutter and Dick (2000). To three grams of field-moist soil, 15 mL of
methylation agent (0.2 M potassium hydroxide in methanol) was added for extraction. Samples
were then placed in a 37 °C water bath for 1-hr with mixing every 15 minutes. The pH was
adjusted to neutral with 3 mL of 1.0 M acetic acid followed by the addition of 3 mL of hexane,
and centrifugation at 2200 rpm for 5 minutes. The organic phase was transferred into a clean test
tube and concentrated using a flow N2 gas to evaporate the hexane. Fatty acids in the soil
samples were analyzed by gas chromatography (Agilent 7890B) which provided a fused silica
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capillary column and flame ionization detector using hydrogen for carrier gas, with temperatures
ramped from 190 to 250°C at 5°C per minute followed by a ramp to 300°C for 2 min to clear the
column. The concentration of FAMEs (nmol g-1 soil) was determined using a 19:0 internal
standard for calculation. Relative abundance (mol%) was calculated based on the total FAMEs
extracted. The MIDI (Microbial ID, Inc) library was used to identify the FAMEs. FAMEs are
identified based on the number of C atom, and number of double bonds when present, and the
position of the first double bond from the methyl (w) end of the molecule. The branched ELFAMEs included Methyl (Me), cyclic (cy), cis (c), and trans (t) isomers, and iso (i) and anteiso
(a). Biomarkers indicators included: Gram negative bacteria (Gram-) using cy17:0, cy19:0;
16:1ω7, 16:1ω9c, 18:1ω5c, 18:1ω7c, and 19:1ω6c and Gram positive bacteria (Gram +) using
i14:0, i15:0, a15:0, i16:0, a16:0, i17:0, a17:0 and 18:0; saprophytic fungi using 18.1 w9c, 18:2
w6c, 18:3ω6,9,12c and 20:1 ω 9c; actinomycetes using 10Me 16:0, 10Me17:0 and 10Me18:0;
arbuscular mycorrhizal fungi (AMF) using 16:1 w5c; and protozoa using 20:3 w6,9,12c and 20:4
ω6,9,12,15c (Frostegård & Bååth, 1996; Madan et al., 2002; Pennanen et al., 1996; Zak et al.,
1996; Zelles, 1997; Zogg et al., 1997).
2.2.7 Data analysis
The experimental design was a split-plot with four replications. The main plot was three
types of cover crops (legumes, grass & brassicas, and a fallow control) with four N fertilizer
rates as the sub-plot. Corn grain yield, soil chemical parameters, and soil biological properties
were analyzed by SAS 9.4 software (SAS institute, 2015) using the PROC MIXED procedure for
fixed effect. Comparison of mean was done by Tukey’s Honest Significant Difference method at
5% confidence level. Because the fallow treatment (control) was not replicated throughout the
field, it was not used for statistical analysis of comparison among cover crop treatments.
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However, statistical analysis within the fallow treatment was done over time and between N
fertilizer application rates, and it was used for qualitative comparison.
The quadratic-plateau statistical model was fitted to data using R-Studio (version 3.5.1,
R-Core Team, 2018). The models were done on corn grain yield across years and fertilizer N
rates to calculate the economically optimum N rate (EONR) for each cover crop treatments. The
EONR was described as the N application rate where $1 of additional N fertilizer returned $1 in
grain yield. The assumptions for this analysis were that all costs were fixed and only N fertilizer
was the variable cost (Colwell, 1994). The ratio of the cost of N fertilizer ($0.212 kg-1) to the
price of corn grain ($0.144 kg-1) was 1.47 (CP). An equation was used to calculate the EONR as
EONR =

CP−b
2c

where b and c are the linear and quadratic coefficients from the quadratic equation,
respectively.
Principal coordinate analysis (PCoA) was used to analyze soil microbial community
structure in cover crop types x N rates which were performed by relative abundances of FAMEs
using the vegan package (Oksanen, 2018) in RStudio (version 3.5.1, R-Core Team, 2018).
Different microbial community structures were illustrated by ordination plots. Of two points, the
greater distance indicated a greater dissimilarity between microbial communities. The envfit
function was used to create vectors that indicated the correlation between microbial community
composition and environmental parameters, in this case identified microbial groups. The angles
between vector are indicative of the correlations between the microbial community groups. The
smaller shape angles show a positive correlation while the angles greater than 90° are negative
(Calderon et al., 2016).
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2.3 Results
2.3.1 Corn grain yield response
The analysis of variance for corn grain yield indicated that there were significant
interactions between N fertilizer rate and cover crop (P=0.0121), N fertilizer rate and sampling
time (P<0.0001), and cover crop and sampling time (P=0.0436). Corn grain yield increased with
the additions of N fertilizer following both types of cover crops. The greatest yield was found in
corn grown following leguminous species at a fertilizer rate of 90 kg N ha-1, which increased
corn production by 128% relative to 0 kg N ha-1 treatment. Corn planted following the grass &
brassica treatment maximized yield at a fertilizer rate of 179 kg N ha-1, with a 271% increase
compared to 0 kg N ha-1. Increasing fertilization to 269 kg N ha-1 did not promote greater yield in
either cover crop types. When no N fertilizer was applied, corn planted after no cover crops
produced the lowest yield (2 Mg ha-1) which was similar to the grass & brassica treatment (2.4
Mg ha-1). As N fertilizer rates increased in the fallow treatment, corn production increased with
the highest yield observed at 179 kg N ha-1 (8.4 Mg ha-1). Average corn grain yield at all N
fertilizer rates across this two-year experiment significantly decreased in 2018 except for 0 kg N
ha-1 (Table 2.1). Corn grain yield under legume and grass & brassica treatments also experienced
significant losses, 29% and 23%, respectively, in the second year (Table 2.1).
Table 2.1. Interaction of N rate, cover crop type, and sampling year on corn grain yield.
Standard error in parentheses.

3.9 (0.26) A†b‡
2.4 (0.33) Bc
2.0 (0.28) c

N fertilizer rate (kg N ha-1)
90
179
Corn grain yield (Mg ha-1)
8.3 (0.35) Aa
9.3 (0.37) Aa
6.9 (0.24) Bb
8.8 (0.38) Aa
6.5 (0.46) b
8.4 (0.75) a

3.3 (0.38) A†c‡
3.0 (0.26) Ac

8.8 (0.31) Ab
6.4 (0.18) Bb

0
Cover crop type
Legume
Grass & Brassica
Fallow
Sampling year
2017
2018
(table cont'd)
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10.6 (0.25) Aa
7.5 (0.21) Bab

269
9.1 (0.42) Aa
9.0 (0.43) Aa
8.4 (0.69) a
10.6 (0.34) Aa
7.6 (0.28) Ba

Cover crop type
Sampling year

Legume

Grass & Brassica
Corn grain yield (Mg ha-1)
2017
9.0 (0.39) Aa
7.7 (0.53) Ab
2018
6.4 (0.26) Ba
5.9 (0.33) Bb
†
Same uppercase letters are not significant (α = 0.05) between cover crop treatments or sampling year.
‡
Same lower letters are not significant (α = 0.05) across N rates with cover crop treatments. Fallow
values are provided for quantitative comparison only and were used in statistical analysis within N
rates.

Using quadratic-plateau regression to estimate corn grain yield response to N fertilizer
rates, legume had the lowest (149 kg N ha-1) economic optimum N rate (EONR) followed by the
grass & brassica (184 kg N ha-1), and control (193 kg N ha-1) (Table 2.2). When no cover crops
were planted, the EONR increased by 26%, compared to legume, while the corn yield at plateau
under no cover crop decreased by 9% relative to the legume. Corn yield grown under grass &
brassica treatments reduced EONR by 5%; however, the yield was negligibly (1%) lower
compared to the control. Following legumes, 151 kg N ha-1 (328 kg urea ha-1) was needed to
achieve the maximum yield (9.2 Mg ha-1) while under grass & brassica, 207 kg N ha-1 (450 kg
urea ha-1) was required to reach the highest yield, 8.9 Mg ha-1 (Table 2.2).
Table 2.2. Corn yield response parameters† at economic optimum nitrogen fertilizer rate
(EONR) for each cover crop treatment as predicted by the quadratic-plateau regression model
Cover crops
Legume
Grass &brassica
Fallow
†

A

b

3.92
2.39
1.95

Mg ha-1
0.06987
0.06356
0.06569

c
-0.00023
-0.000169
-0.000167

N rate at the
plateau
kg N ha-1
151
207
197

EONR
kg N ha-1
149
184
193

Yield at
plateau
Mg ha-1
9.23
8.31
8.43

a, b, c, intercept, linear coefficient and quadratic coefficient, respectively

2.3.2 Treatment effects on soil chemical properties
There was an interaction between sampling time and cover crop type (P=0.0144) and
sampling time and N fertilizer rate (P=0.0013) on soil pH. Following increased N rates, soil pH
decreased from 6.1 where no fertilizer was applied to 5.7 where fertilizer was applied at 90 kg N
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ha-1, and it continued to decrease to 5.5 at 269 kg N ha-1 (Table 2.3). Moreover, compared to
grass & brassica, and fallow treatments, the legume treatment had lower soil pH over time.
Regardless of cover crop or N rate treatment, soil pH was consistently higher in the spring
samplings compared to the fall (Table 2.3).
Table 2.3. Interaction of N rate, cover crop type, and sampling year on soil pH. Standard error in
parentheses.
Sampling time
Spring 2017
Fall 2017
Spring 2018
Fall 2018
Average
---------------------------------------------------- Soil pH ------------------------------------------5.8 (0.04) A†b‡
5.3 (0.04) Bc
6.2 (0.08) Aa
5.3 (0.06) Bc
5.6 (0.04) B
6.0 (0.05) Aa
5.5 (0.07) Ac
6.2 (0.06) Aa
5.7 (0.08) Ac
5.9 (0.04) A
6.1 (0.05) a
5.6 (0.06) b
6.3 (0.13) a
5.6 (0.14) b
5.9 (0.06)

Cover crop type
Legume
Grass & Brassica
Fallow
N Rate (kg N ha-1)
0
6.1 (0.06) Ab
5.7 (0.07) Ac
6.4 (0.08) Aa
6.0 (0.07) Ba
6.1 (0.04) A
90
5.8 (0.05) Ab
5.4 (0.07) ABc
6.2 (0.11) Aa
5.5 (0.08) Cb
5.7 (0.04) B
179
5.9 (0.06) Ab
5.3 (0.07) Bc
6.2 (0.10) Aa
5.4 (0.08) Cbc
5.7 (0.05) B
269
5.8 (0.06) Ab
5.1 (0.07) Bc
6.0 (0.13) Ba
5.1 (0.08) Cc
5.5 (0.06) C
†
Same uppercase letters are not significant (α = 0.05) between cover crop treatments or sampling year. ‡Same
lower letters are not significant (α = 0.05) across sampling time with cover crop treatments or N rates. Fallow
values are provided for quantitative comparison and were used in statistical analysis across sampling times.

Soil organic matter was affected by N fertilizer rate (P<0.0001) and sampling time
(P<0.0001) but not cover crop treatments (P=0.5230). Nitrogen fertilizer input of 90 kg N ha-1
increased soil organic matter by 8% (26.9 to 29.1 g kg-1) compared to no N fertilizer application.
Furthermore, soil organic matter concentration was boosted over time from 26.9 g kg-1 in spring
2017 to 30.2 in fall 2018, an increase of 12%. At the same time, compared to the 0 kg N ha-1, N
fertilizer application also increased total carbon (P<0.0001) by 12% at 90 kg N ha-1 (11.5 to 12.9
g kg-1) and total N (P<0.0001) by 7% (1.4 to 1.5 g kg-1) at 179 kg N ha-1.
For inorganic-N, extractable NH4+-N was not affected by the application of N fertilizer (P
=0.2841) or cover crop type (P=0.3532), but it was influenced by sampling time (P<0.0001). In
spring 2017, extractable NH4+-N concentration was highest (9.0 mg kg-1) before decreasing to
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5.6 mg kg-1 in fall 2017 and remained unchanged in spring 2018 (5.4 mg kg-1). A significant
increase was measured again in fall 2018 (6.5 mg kg-1). In contrast, extractable NO3--N
responded to cover crop types (P=0.0099). Moreover, there was an interaction between N
fertilizer rate and sampling time (P<0.0001) on extractable NO3--N. Leguminous cover crops
averaged 17% greater NO3--N level than the grass & brassica treatment (15.0 and 12.6 mg kg-1
respectively). Soil NO3--N levels were greater in the fall sampling, following the corn harvest,
compared to spring after cover crop termination in both years (Figure 2.2). In fall samples, NO3-N was greater following N fertilizer application rates higher than 90 kg N ha-1 for both years
while there was no difference in spring between N fertilizer application rates (Figure 2.2). In fall
2018, NO3--N reached the highest concentration following 269 kg N ha-1 compared to no N
fertilizer application, with more than 4 times (8.0 to 34.0 mg kg-1) the NO3-N (Figure 2.2). In fall
2017, the concentration of NO3--N was 88% greater in the 269 kg N ha-1 treatment compared to
no N application (Figure 2.2). However, compared to all other sampling times, NO3--N was

Nitrate-N (mg kg-1)

substantially less in spring 2018 following cover crops for all N rates (Figure 2.2).

40

N rates (kg ha-1)
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Figure 2.2. Soil nitrate-N concentration under different nitrogen fertilizer rates at different
sampling times. Error bars represent standard error. Same uppercase letters are not significant (α
= 0.05) within an N rate across sampling times. Same lowercase letters are not significant (α =
0.05) between N rates within a sampling time.
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Different cover crop types, N rates, and sampling times impacted soil macronutrient
concentrations. Increasing N rates resulted in significantly decreased concentrations of soil
extractable P (P<0.0001), and K (P=0.0014). The legume treatment had 19% higher
concentrations of soil extractable P than grass & brassica (Table 2.4). In contrast, the grass &
brassica treatment had greater K concentrations than legume species by 13% (Table 2.4). In
addition, extractable K was also influenced by sampling times (P<0.0001). From the data, the
fall samplings following corn harvest tended to have higher concentrations of soil extractable K
than spring samplings following cover crop termination. In particular, fall 2017 had the greatest
concentration of soil K at 213.6 mg kg-1 which was 8% greater than spring 2017 and 11% greater
than fall 2018.
Table 2.4. The effect of cover crop treatments, N fertilizer rates, and soil sampling times on
soil extractable phosphorus and potassium concentrations.
Parameters
Phosphorus
Potassium
Cover crop type
mg kg-1
Legume
33.9 A†
183.9 B
Grass & Brassica
28.0 B
208.4 A
Fallow
29.4
196.1
-1
N fertilizer rates (kg N ha )
0
39.0 A
207.4 A
90
27.0 B
191.1 B
179
28.8 B
196.2 B
269
29.0 B
189.9 B
Sampling times
Spring 2017
34.0 A
195.7 B
Fall 2017
29.2 A
213.6 A
Spring 2018
29.8 A
185.4 C
Fall 2018
30.8 A
189.8 BC
†
Same uppercase letters are not significant (α = 0.05) between cover crop treatments, N fertilizer
rates, or sampling times.
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2.3.3 Soil biological properties
2.3.3.1 Soil enzyme activity response as affected by cover crops, N input, and sampling time
Of the two enzymes examined, soil β-glucosidase for soil C enzyme activity was
influenced by the interaction between cover crop type and N fertilization application (P=0.0554)
and cover crop type and sampling times (P=0.0064). At 0 kg N ha-1, β-glucosidase activity was
higher in the legume treatment than that in the grass & brassica by 9% but did not differ at the
other N rates (Figure 2.3). Following grass & brassicas, the input of N fertilizer at 179 kg N ha-1
resulted in significantly greater C enzyme activity by 18% relative to no N fertilizer input.
However, enzyme activity under neither legume cover crops nor fallow treatments responded to
N inputs (Figure 2.3). In both cover crop types, β-glucosidase was high in spring and low in fall,
with a difference of about 38% (Figure 2.4). A similar trend was measured in the control

β-glucosidase activity
(µmol p-nitrophenol kg-1h1)

treatment.

100

80
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ABa

Bb

A
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Aa

90

A

A
0

Aa

90
179
N rates (kg ha-1)
Legume
Grass & Brassica

ABa
Aa
A

269
Fallow

Figure 2.3. Potential enzyme activity of soil β-glucosidase under different cover crop types and
nitrogen fertilizer rates. Error bars represent standard error. Same uppercase letters are not
significant (α = 0.05) between N rates. Same lowercase letters are not significant (α = 0.05)
between cover crop treatments. Fallow values are provided for quantitative comparison between
cover crop treatments and was used in statistical analysis only within N rates.
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β-glucosidase activity
(µmol p-nitrophenol kg-1h-1)

120
100

Aa

Aa
A

A

80

B

Ba
B

60

Aa

Aa
Ba

Ca

Ba

40
20
0
Fallow

Spring 2017

Legume
Grass & Brassica
Cover crop types

Fall 2017

Spring 2018

Fall 2018

Figure 2.4. Potential enzyme activity of soil β-glucosidase under different cover crop types at
different sampling times. Error bars represent standard error. Same uppercase letters are not
significant (α = 0.05) within a cover crop type across sampling times. Same lowercase letters are
not significant (α = 0.05) between sampling times across legume and grass & brassica types.

NAGase activity did respond to different types of cover crops (P=0.0011) and sampling
times (P<0.0001) whereas it did not respond to N fertilizer application (P=0.6582). The grass &
brassica cover crop treatment demonstrated greater NAGase activity than legume cover crops
(27.7 and 25.8 µmol p-nitrophenol kg-1 h-1, respectively). NAGase activity was 24.5 µmol pnitrophenol kg-1 h-1 in spring 2017 and decreased to 22.2 µmol p-nitrophenol kg-1 h-1 in fall 2017.
In spring 2018, NAGase activity decreased by 58%, from 35.0 to 25.3 µmol p-nitrophenol kg-1 h1

in fall 2018.

2.3.3.2 Changes in microbial community composition
In this experiment, we found the interaction of cover crops and sampling time impacted
AMF (P<0.0001, Table 2.5). The grass & brassica treatment had greater AMF than leguminous
species at all sampling times except fall 2018 (data not shown). Microbial biomass (estimated
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from total FAMEs) was impacted by the interaction between N fertilizer rates and sampling time
(P=0.0432). In the spring of both years, total microbial abundance responded to N fertilizer rates
while there was no response in either fall samplings (Figure 2.5). In spring 2017, the amount of
total microbial abundance was greatest at 179 kg N ha-1 and in spring 2018, the greatest
microbial abundance was measured at 90 kg N ha-1 but was not different from the total microbial

Absolute abundance (nmol g-1)

abundance at 179 and 269 kg N ha-1.
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Figure 2.5. Total microbial abundance according to N rate and sampling time. Same uppercase
letters are not significant (α = 0.05) within a sampling time. Same lowercase letters are not
significant (α = 0.05) within N rates across sampling times.
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Table 2.5. Absolute abundance of fatty acid methyl esters (FAMEs) from soil samples collected from different cover crop
types, N fertilizer rates, and sampling times from 2017 to 2018.
Total
Gram+
GramActinoSaprophytic
Total
AMF
Protozoa
F:B
FAMEs
bacteria
bacteria
mycetes
fungi
bacteria
Cover crop types (CC)
Absolute abundance (nmol g-1)
†
Legume
131.9
25.0
14.0 b
5.8 b
4.9
28.0
43.9 b
1.8
0.64 a
Grass &
136.9
25.2
16.1 a
8.2 a
4.5
26.2
46.3 a
1.6
0.57 b
Brassica
Fallow
124.4
22.9
13.8
6.5
4.7
26.8
41.4
1.7
0.65
-1
N rates (kg ha ) (N)
0
130.2 a
22.7 b
15.9 a
8.7 a
4.5 a
25.1 b
43.1 a
1.8 a
0.58 a
90
136.2 a
25.3 a
15.1 a
7.1 b
4.9 a
28.2 a
45.3 a
1.8 a
0.63 a
179
138.4 a
26.5 a
15.2 a
6.7 b
5.2 a
28.0 a
46.9 a
1.7 a
0.60 a
269
132.9 a
25.9 a
13.8 b
5.6 c
5.3 a
27.2 ab
45.0 a
1.6 a
0.60 a
Sampling times (S)
Spring 17
122.5 c
23.3 c
15.1 b
5.2 c
3.8 b
24.0 c
42.1 bc
1.3 c
0.57 a
Fall 17
134.2 b
25.3 b
14.2 b
7.0 b
5.5 a
27.9 b
45.0 b
2.0 a
0.63 a
Spring 18
157.7 a
27.8 a
18.9 a
9.6 a
5.3 a
31.6 a
51.9 a
2.0 a
0.61 a
Fall 18
123.3 c
24.0 bc
12.0 c
6.2 b
5.4 a
24.9 c
41.3 c
1.6 b
0.61 a
ANOVA
P value
CC
0.1134
0.7559
<0.0001
<0.0001
0.7900
0.0899
0.0262
0.0851
<0.0001
N
0.2606
<0.0001
0.0008
<0.0001
0.0583
0.1160
0.0906
0.1864
0.4057
S
<0.0001 <0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001 0.1731
CC x N
0.3960
0.3771
0.7033
0.5241
0.3976
0.1154
0.6604
0.2602
0.1267
CC x S
0.6657
0.8961
0.0713
<0.0001
0.7941
0.5284
0.7198
0.6734
0.5472
NxS
0.0432
0.1300
0.0188
0.0004
0.1201
0.1332
0.1685
0.5928
0.3235
CC x N x S
0.6657
0.6928
0.9504
0.3592
0.8582
0.5658
0.8557
0.6163
0.5057
†
Same lowercase letters are not significant (at α = 0.05) between cover crop treatments or N rates or sampling times. (Gram+ bacteria=
Gram positive bacteria; Gram- bacteria = Gram negative bacteria; AMF= Arbuscular mycorrhizal fungi; F:B= Saprophytic fungi to total
bacteria.
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Principal coordinate analysis using the relative abundance of extracted FAMEs was
conducted to determine the microbial community structure differences between types of cover
crops, N fertilizer rates, and sampling times. Seventy-two fatty acids present in soil samples were
used to observe the difference in the structure of the microbial community within the three main
factors. This analysis revealed that sampling time had the greatest impact on variation; therefore,
to determine the effect of cover crop types and N fertilizer rates, PCoAs were conducted for each
sampling time individually (Figure 2.6 and Figure 2.7, respectively). Soil microbial groups
separated more distinctly by cover crop types in spring sampling time (Figure 2.6A) compared to
fall (Figure 2.6B). The relative abundance of AMF and Gram- bacteria was higher in grass &
brassica treatments in spring while legumes had greater total fungi, Gram+ bacteria, and a
higher ratio of fungi to bacteria (Figure 2.6A).

A)

B)

Figure 2.6. Ordination plots of distance-based redundancy analysis (db RDA) derived from fatty
acid profiles (relative abundance) of samples collected in spring (A) and fall (B).
In spring, there was no difference in microbial community composition among addition
of N fertilizer rates. Total bacteria and Gram + bacteria increased following N fertilizer rate of
269 kg N ha-1 treatments while protozoa flourished in the no N treatment (Figure 2.7A).
However, the dissimilarities between N fertilizer rates were observed in fall (Figure 2.7B). In fall
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sampling, the 0 kg N ha-1 separated from 179 kg N ha-1 and 269 kg N ha-1. The AMF and Gram bacteria favored 0 kg N ha-1, while treatments at 179 kg N ha-1 were dominated by saprophytic
fungi, and an increased F: B ratio. Finally, the actinomycetes were affected and strongly
correlated to Gram + bacteria at the 269 kg N ha-1 fertilizer rate.

A)

B)

Figure 2.7. Ordination plots of distance-based redundancy analysis (db RCA) of relative
abundance of fatty acid profiles according to different N rates and sampling times consisting of
spring (A) and fall (B).

2.4 Discussions
2.4.1 Corn grain yield response
The significance of cover crop types and N fertilizer rates interaction indicates that cover
crop types had different responses to N fertilizer level changes and that the corn yield varied with
changes of N fertilizer rates. The most noticeable thing is that even though corn production
decreased over time, corn grown after legume species cover crop had higher production than
grass & brassica species at both 0 and 90 kg N ha-1 application rates. In a similar soil type,
Boquet et al. (2004a) showed that the optimum cotton lint yield under wheat cover crop was
observed at 118 kg N ha-1 under no-till, whereas no N fertilizer addition was needed following a
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hairy vetch cover crop. Another study conducted in the USA and Canada found that cool-season
legume cover crops increased corn grain yield by 34% compared to no cover crop at a low N
fertilizer rate whereas a cool-season grass cover crop did not affect corn yield (Miguez &
Bollero, 2005). This is due to legumes fixing N2 from the atmosphere and scavenging residual N
from the soil, which accumulates in their biomass, to be made available to the subsequent cash
crop through microbial degradation. Consequently, planting corn after the termination of
leguminous species which are decomposed easily and are an available N source could be
beneficial to corn seedling growth and development. Even though the cover crops were
terminated in the early stage (in February), legumes accumulated N through fixing N2 in a
greater amount than grasses in this previous study (Lawson et al., 2015).
On the other hand, the lower corn grain yield following non-legume cover crops may be
explained by the lack of biomass and N immobilization. For instance, limited growth of nonlegume cover crops due to the early termination of cover crops to prepare for corn planting
reduces N accumulation opportunity. Unfortunately, we did not record the cover crop biomass,
but our observations and following studies support this hypothesis. The non-legumes degraded
slowly, especially cereal rye as reported by Jahanzad et al (2017), and therefore N was slowly
released. Several studies revealed that cereal rye cover crop decreased the main crop yield, which
was caused by N immobilization (Tollenaar et al., 1993; Wyland et al., 1995) and allelopathic
impact (Raimbault et al., 1990). Another explanation is that the grasses depleted soil moisture
prior to termination, and in consequence, the N uptake process can be affected, and early corn
growth reduced (Decker et al., 1994). In the warm temperate zone of the Pampas, Alvarez et al.
(2017) reported that compared to a fallow treatment, corn production was increased (>7%)
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following a legume cover crop but decreased (8%) following a non-legume cover because of
NO3- depletion.
Previous reports regarding corn grain yield response to N fertilization revealed that the
quadratic plus plateau model was the most appropriate model to obtain a valid prediction of
EONR (Alotaibi et al., 2018; Cerrato & Blackmer, 1990; Nyiraneza et al., 2010). In our study,
the range of EONR rates was somewhat similar to that obtained for corn in Illinois, USA (114203 kg N ha-1) (Coulter & Nafziger, 2008) and in Quebec, Canada (123-173 kg N ha-1) (Alotaibi
et al., 2018). The presented EONR for legume (149 kg N ha-1) and grass & brassica (184 kg N
ha-1) were lower than the fertilizer rate recommendation for corn in Louisiana (235 kg N ha-1)
(LSUAgCenter, 2019). Growing corn following legumes could reduce EONR but still
maintained the yield. However, the higher EONR following grass & brassica treatments was
likely the result of immobilization of N (Coulter & Nafziger, 2008).
2.4.2 Treatment effects on soil chemical properties
Soil pH is one of the most widely used physio-chemical parameters for agricultural soil
quality indices (Bastida et al., 2008; Singh, 2018). It is no surprise that soil pH decreased under
the corn fertilized by urea (NH4+-based fertilizer) since ammonium nitrifying bacteria convert
NH4+ to NO3- in a process that releases H+, and acidifies the soil (McCauley et al., 2009; Singh,
2018). The more N fertilizer is applied, the more intense acidification is seen, resulting in the
low soil pH following corn harvest. This pattern was found in fall samplings, and other similar
studies (Belay et al., 2002; Mbuthia et al., 2015). Additional acidification also occurs when corn
release H+ to absorb NH4+ (Becking, 1956; Bolan et al., 1991; Tang & Rengel, 2003). However,
in our study, planting both types of cover crops after corn harvest increased soil pH. One
explanation is that pH can be increased by the production of HCO3- and/or OH- following
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residual NO3- uptake by cover crop. Leguminous cover crops did not increase soil pH as much as
non-leguminous cover crops which may be caused by symbiotic N fixation (Marschner, 2011),
which NH4+ was produced and excreted from the nodule into the soil, or after the cover crop was
terminated, the NH4+ was released as nodules decompose (Bolan et al., 1991).
Soil organic matter (SOM) is a vital component of soil. It is used as a soil health indicator
because it is involved in soil biological, chemical, and physical properties that affect nutrient
mineralization (McCauley et al., 2009). Although cover crop types did not affect SOM, the
addition of N fertilizer can increase SOM levels (Ladha et al. (2011); (Mahal et al., 2019).
Moreover, SOM was increased following the inclusion of cover crops and minimum N fertilizer
input under no-tillage for over 2 years in our study (continued from 3 years under cover crop x N
rates on the no-till system). Unfortunately, we did not record the cover crop biomass, but our
NO3--N data in the fall samplings showed the residue N fertilizer left-over from the previous
main crop. We assumed that the residual NO3--N promoted cover crop growth and increased
biomass. Therefore, more residues would be left on the soil surface after cover crop termination,
building SOM. Nitrogen fertilizer input at the rate of 90 kg N ha-1 resulted in the greatest amount
of soil total C and total N. Possibly, the residual fertilizer N left over after harvest was
potentially absorbed by cover crop residues and accumulated into biomass tissues (Boquet et al.,
2004b; Jahanzad et al., 2016; Singh et al., 2020). A previous study from Boquet et al. (2004b) on
the impact of tillage, cover crops, and N fertilizer input on cotton production at the same location
indicates that increased N applied for the main crop significantly supported the growth of grass
cover crop, which is consistent with our findings. Plus, under no-tillage, the biomass residue is
left on the soil surface, which reduces contact with soil microorganisms and slows
decomposition and builds SOM (Lin, 2017; Mazzoncini et al., 2011; Mbuthia et al., 2015; Sainju
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et al., 2002). Additionally, Mahal et al. (2019) demonstrated that synthetic N fertilizer
(ammonium nitrate) increased soil organic matter by suppressing the soil organic matter
mineralization process. Overall, crops and microbial N can meet their N demand from N
fertilizer source, which is consistent with the finding from Ladha et al. (2011).
In general, NH4+ and NO3- are the inorganic forms of N taken up by plants. Both forms
can be obtained directly from N fertilizers and/or soil organic matter degraded by microbes
(Sollins et al., 1996). Both forms are vulnerable to environmental loss via leaching and
denitrification processes (Randall & Mulla, 2001; Sogbedji et al., 2001). In our study, the NH4+N did not respond to cover crop types or N fertilizer rates but responded to different sampling
times. It is notable that in spring 2017, there was a transition of the experiment from high N
fertilizer rates (235, 268, 302 kg N ha-1) to lower N fertilizer rates (90, 179, and 269 kg N ha-1)
(Sanchez et al., 2019a). Hence, in spring 2017, NH4+-N levels might be impacted by the previous
N rate input. An increase of NH4+-N level in spring and decrease in fall after corn harvesting was
observed from Sanchez et al. (2019a)’s study. Since cover crops took up residual NH4+-N
leftover from previous corn production, it is then returned to the soil after termination in the
spring. However, in this study, the N fertilizer rates were lower, and compared to Sanchez et al.
(2019a), our NH4+-N tended to increase in fall 2018 (the last sampling time) after the corn season
when fertilizer was added. Brackin et al. (2015) proved that applying urea-based fertilizer
resulted in a high ammonium flux concentration, and it exceeded the root capacity of sugarcane
uptake. This caused a great concentration of excess ammonium leftover in the soil that was prone
to lose or uptake by cover crops established following corn harvest.
Unlike NH4+-N, the level of NO3--N was greater in the legume treatment than grass &
brassica. This was because legumes have the ability for biological N fixation, which added N
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back to the soil (Jahanzad et al., 2016; Singh et al., 2020). A study from Tonitto et al. (2006)
revealed that legumes in a fertilizer application system following a cash crop reduced NO3--N
leaching by 40% compared to a bare fallow treatment. They also found that N fixation of
legumes during legume development added N to the N pool, and ultimately, nutrients could be
utilized by the subsequent cash crop. This aligns with our finding that under legumes with- and
without N fertilizer input, the corn grain yield was greater than grass & brassica. Differences in
NO3--N were influenced by the interaction of N fertilizer application and time of sampling.
Following the corn harvest in fall, soil samples contained significantly greater concentrations of
NO3--N than spring following cover crop termination. Also, in the fall samplings, NO3--N
concentrations were greater in higher N fertilizer rate application treatments. However, there is
no difference across N rate treatments in the level of NO3--N in samples collected in spring. Our
study indicates that some amount of NO3--N was not completely taken up by the main crop and
remained in the soil after corn harvest. Consequently, it can be lost via cover crop uptake, runoff,
leaching, and the denitrification process (Baggs et al., 2000; Dabney et al., 2010; Francis et al.,
1998; Schjønning et al., 2003). Moreover, following the corn harvest in fall 2018, the highest
level of NO3--N through the experiment was under the 269 kg N ha-1 treatment. This suggests
that the N fertilizer application at 269 kg N ha-1 may surplus corn requirements. The severe
weather during the main crop season possibly reduced NO3--N uptake. Consequently, it has a
negative impact on corn yield reduction in this research in 2018. A substantial decrease of NO3-N concentration at all N rates was observed in spring 2018. Unfortunately, we did not measure
the runoff or infiltration in this study, yet it was possibly in response to climate effects and cover
crops' management practices. Cover crops and microorganisms can uptake some NO3--N (Kaspar
et al., 2012; Pantoja et al., 2016). However, the sudden decline in NO3--N level in spring 2018,
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was likely due to loss through leaching, and runoff during heavy rain events (Fang et al., 2007),
especially in this region of this trial which received a high amount of cumulative precipitation
exceeding 40 cm during cover crop establishment over-winter until termination in spring.
Extractable soil P and K were affected by cover crop types and N rates, and only K was
affected by sampling time. Soil P concentration was greater in legumes than grass & brassica
cover crops. This is related to legumes requiring more P for biological N fixation (McLaughlin et
al., 1990; Weisany et al., 2013). Similarly, Villamil et al. (2006) found that incorporated hairy
vetch in a corn-soybean rotation was significantly higher in soil available P than the
incorporation of cereal rye. However, our results showed a greater concentration of K in grass &
brassica than the legumes. This was likely due to the more extensive root system of grasses with
a longer length, robust and high amounts of root biomass (Caradus, 1980; Jackman & Mouat,
1972). It is reported that grass cover crops needed and absorbed more K than leguminous cover
crops and could absorb K near the soil surface (Eckert, 1991). According to Emad et al. (2017),
cereal rye contained more K concentration and lost 62% from its biomass into the soil after week
6 for a subsequent cash crop. The available P and K in soil did respond to with- and without N
application in this study. Both soil P and K concentrations were greatest in the 0 kg N ha-1
treatment. It is possible that increased N fertilizer application rates, and increased growth of
cover crop biomass resulted in higher demands of soil P and K (Mbuthia et al., 2015), whereas
with no N addition plot that regularly received P and K fertilizer caused from the P and K
application over that removed by the main crop could cause a build-up P and K reserves (Belay
et al., 2002). The lower P concentration in the N fertilizer application treatments may be due to
soil acidification resulting from N fertilizer input and reducing soil P availability in this study.
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When soil acidity increases, it promotes greater levels of soil aluminum (Al) (Schroder et al.,
2011) and iron (Fe), both precipitate with P, reducing availability (Havlin et al., 2016).
2.4.3 Soil biological properties
2.4.3.1 Soil enzyme activity
Soil enzymes are the mediators of organic matter decomposition and soil nutrient
transformations. Soil β-glucosidase and NAGase enzymes are good indicators for soil health
because they are engaged in soil nutrient cycling, in particular C and N (Bandick & Dick, 1999;
Makoi & Ndakidemi, 2008). The level of soil enzyme activities can be used to measure the C
and N demand of microbes in the soil. (Sinsabaugh & Moorhead, 1994). Bandick and Dick
(1999) suggested that β-glucosidase activity was sensitive and quick to respond to changes in
soil management practices and could be used as an early indicator of biological changes. βglucosidase activity plays an important role in soil C cycling regarding cellulose degradation.
The interaction found in this study indicates that β-glucosidase activity was affected by cover
cropping and N fertilizer application. This may be linked to C substrate sources and N demand
during litter decomposition activities to allow microorganisms access to energy and nutrients
(Allison & Vitousek, 2005; Averill & Finzi, 2011; Sinsabaugh, 1994).
With no N fertilizer addition, the greater β-glucosidase activity was found in leguminous
treatments than in grass & brassica. Even though the soil total C and total N were the same
between cover crop types at no fertilizer treatment, there was a positive effect from the N-fixing
in legumes resulting in greater N concentration assimilated in their biomass and soil (Boquet et
al., 2004b; Piotrowska & Wilczewski, 2012). We saw greater available NO3--N concentration
under legumes than grass & brassica that could promote microbial activities and the C-acquiring
enzyme activities. Liang et al. (2014) showed that soil β-glucosidase activity was related to cover
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crop types, but not termination methods. They also reported that legume species of the Austrian
winter pea crop had the highest in β-glucosidase activity. We found that N fertilizer at any rate
under legume cover crops did not affect β-glucosidase activity while β-glucosidase activity did
respond to N fertilizer input at 179 kg N ha-1 under the grass & brassica treatment. Grasses tend
to contain more C or cellulose and N, compared to legumes because of N immobilization and
slow decomposition (Jahanzad et al., 2016; Lupwayi et al., 2006a). However, when soil provided
available N compounds from fertilizer, it quickly stimulated microbial activities to obtain C for
an energy source (Allison & Vitousek, 2005). A study from Piotrowska and Wilczewski (2012)
revealed that increasing N fertilizer rate up to 80 kg N ha-1 stimulated the greatest β-glucosidase
activity level in both legume (field pea) and brassica (oilseed radish) before it decreased when
applying N fertilizer more than 120 kg N ha-1. A meta-analysis showed that low and medium N
fertilizer application encouraged β-glucosidase activity because N addition induced the demand
for C. Thus, production of β-glucosidase to hydrolyze soil organic matter or soil organic C to
obtain C was increased (Xiao et al., 2018). Nonetheless, increments of N fertilization could
negatively reduce the enzyme yield as the acidification process can decrease soil pH to below 5.5
at 269 kg N ha-1 rate in our study. As reported by some publications (Ullah et al., 2019; Xiao et
al., 2018; Zhang et al., 2015), a lower soil pH caused by high N fertilizer input could reduce βglucosidase activity. Nitrogen fertilization in corn affected soil pH in the fall as shown in our
results, which may shift microbial community ultimately decreasing β-glucosidase activity than
in the spring after cover cropping due to higher soil pH. Moreover, in spring, there were different
plant residue types from cover crops to provide food sources for microbes (Henry, 2013).
NAGase activity represents C and N cycling which results in N mineralization in soil
(Ekenler & Tabatabai, 2002; Sinsabaugh et al., 1993). This study showed that the potential
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NAGase activity was affected by cover crop types and soil sampling time while it did not
respond to N fertilizer application. Similarly, a meta-analytical study found that NAGase did not
react to N fertilizer addition because fertilization inhibited the N-acquisition enzyme activity
(Xiao et al., 2018). From our results, the grass & brassica treatment promoted more NAGase
activity than legumes. This may be due to the extensive root system of grass, in particular cereal
rye, which increased the rhizosphere, an area high in microbial population and enzyme activity
(Acosta-Martinez et al., 2007; Bandick & Dick, 1999). The study from Averill and Finzi (2011)
confirmed that N-degrading enzyme level is positively associated with the growth of roots which
provided labile C. Like the β-glucosidase enzyme activity pattern, the enzyme concentration
tended to be greater in spring than the fall season. Cover crops in spring improved NAGase
activity regardless of cover crop types because organic C and N from the cover crop biomass
residue on the soil surface in spring acted as substrates for microorganisms to consume. This was
consistent with Sanchez et al. (2019b)’s study. Ekenler and Tabatabai (2003) also found that
NAGase activity was highest in a no-till system with a double mulch residue and a positive
relationship between NAGase activity and soil organic C.
2.4.3.2 Changes in microbial community structure
Results from this study demonstrated that total microbial biomass (total FAME) did not
respond to cover crop types but it was affected by the interaction between N fertilizer rates and
sampling time. On the other hand, among microbial groups, the interaction between cover crop
types and sampling time impacted the absolute abundance of AMF only. The grass & brassica
treatment had greater AMF than leguminous species across almost all of the sampling times.
Arbuscular mycorrhizal fungi have a crucial role in the acquisition of nutrients (Smith & Read,
2010). A possible reason is that although grass cannot fix N as the legumes did, it scavenged
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nutrients, especially N and P via the robust root system and was enhanced by mycorrhizal fungi
(Murrell et al., 2020). Similarly, Boswell et al. (1998) found that autumn-sown winter wheat
enhanced VAM fungi (vesicular-arbuscular mycorrhiza). A study conducted in Tennessee
(Mbuthia et al., 2015) reported that wheat cover (grass) had more AMF abundance than hairy
vetch (legume). Another study showed that oats and rye increased mycorrhizal colonization
effectively for sweet corn (Kabir & Koide, 2002). Several studies confirmed that AMF from
cover crops had the potential to enhance mycorrhizal colonization of the next cash crop at an
early stage (Lehman et al., 2012; Njeru et al., 2014; White & Weil, 2010). This validates our
finding that AMF under grass & brassica treatment was greater than legumes over time
(excepting the first spring).
As we expected, the microbial biomass (total FAMEs) was promoted in spring after
cover crops were terminated and was lower in fall after the main crop harvest because cover
crops provide a simple source of C in root exudation through the winter months. In a study by
Calderon et al. (2016), they observed that the presence of roots at cover crop termination had the
greatest impact on microbial community growth than at the main crop planting. Furthermore,
more substrates were added by the residue after cover crops termination, thereby supplying both
C and N for the microbial community. The application of urea as N fertilizer during corn
planting acidified the soil pH to below 5.5 which may have also contributed to lower microbial
abundance in fall samplings (Dequiedt et al., 2011; Geisseler & Scow, 2014). Verdenelli et al.
(2019) reported that during the growing season, mineral fertilizer reduced bacterial and fungal
richness. However, at the fall samplings of our study, there was no difference in response to
microbial abundance among N fertilizer rates. The only effect of N fertilizer rate and sampling
time was in the spring samplings. In spring 2017, a N fertilizer rate of 179 kg N ha-1 increased
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microbial biomass. The same response was measured in spring 2018 and was likely due to the
presence of N fertilizer leftover from corn. With increased N fertilizer, more residue N could
support the growth of cover crop biomass productivity from photosynthesis and transfer the
substrates to the rhizosphere and soil (Calderon et al., 2016; Verdenelli et al., 2019; Wang et al.,
2003) to promote soil microorganism growth. The study from Sanchez et al. (2019b), however,
did not find the effect of different N rates on microbial biomass. This could be due to the small
difference in N rates of 235, 268, and 302 kg N ha-1 that were higher than our study. Because this
study was conducted on the same field as Sanchez et al. (2019b) the effect of the highest N rates
input (302 kg N ha-1) from Sanchez’s study influenced our results in spring 2017. Spring 2017
saw a significant decline in microbial biomass. The N rate 269 kg N ha-1 application for corn in
2018 reflected a slight decrease in microbial biomass but it was not significant. This indicated
that fertilizer up to 269 kg N ha-1 following corn still maintained the microbial biomass in the
soil.
From the PCoA using the relative abundance of soil microbial groups, there were two
patterns at each sampling time. Arbuscular mycorrhiza fungi and Gram- bacteria populations
were relatively higher under the grass & brassica treatment, while saprophytic fungi, Gram+
bacteria, and the F: B ratio were higher under the legume treatment. This distinct separation was
more apparent in spring than fall. Greater mycorrhizal populations under non-legumes is in
agreement with previous studies (Acosta-Martinez et al., 2007; Sanchez et al., 2019b). AcostaMartinez et al. (2007) observed that a crop rotation including wheat increased mycorrhizal
populations, which were vital in a semiarid and arid environment. Grasses had greater
belowground biomass compared to legumes in a no-till system, and this allows an increased
hyphal network of AMF (Frey et al., 1999). Notably, we did not expect the increase of the AMF
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populations because brassicas were an AMF non-host cover crop. Furthermore, the production of
glucosinolates (can form isothiocyanates) released from brassica potentially inhibit mycorrhizae
(Glenn et al., 1988; Hill, 2006). Therefore, the enriching of the AMF population likely resulted
from grass plots. Because AMF symbionts can facilitate plant nutrient uptake and increase water
and carbohydrates from exudation they may create a preferable environment around the AMF
hyphae and increase populations of Gram- bacteria (Toljander et al., 2006).
The pattern of greater relative abundance of fungi, F:B ratio, and Gram+ bacteria in
legume treatments in all times of sampling from our study was in agreement with previous
reports (Mbuthia et al., 2015; Sanchez et al., 2019b). For example, Sanchez et al. (2019b)
measured a greater relative abundance of fungi and F:B ratio under legume treatment in the same
climate. Mbuthia et al. (2015) reported that despite no difference in total bacteria among hairy
vetch, wheat, no cover crop, hairy vetch, and a leguminous species, Gram+ bacteria were
significantly greater under a long-term no-till continuous cotton production system. In our study,
the total bacteria shifted from grass & brassica treatment in spring 2017 to the legume treatment
by spring 2018. This could be due to grass & brassica soils having lower nutrient concentrations.
Our results showed that legumes treatment provided more available N and extractable P in
preference to bacteria, who typically favor more labile C (Cusack et al., 2011). Legume residues
usually contained a lower C:N ratio than grasses, which was more favorable to microbes.
Whereas under grass & brassica under no-till may comprise more complex compounds
(aromatic-C), especially for cereal rye (Ding et al., 2006), which required fungi to break down
(Ng et al., 2014). Another reason is that brassica cover crops (radish) have been reported to
produce isothiocyanates which were toxic to bacteria and fungi production (Smith and Collins,
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2007). Moreover, fungi were more tolerant to acidic soil than bacteria (Magdoff & Van Es,
2000), which explains the ratio was greater in the legume treatment.
The most obvious demonstration of N fertilizer impacts on microbial populations was the
greater abundance of AMF in the 0 N treatment that was also reported in many previous studies
(Mbuthia et al., 2015; Sanchez et al., 2019b; Tian et al., 2013; Wang et al., 2009). In unfertilized
soil, AMF reside in plant host roots and carbohydrates were supplied by the hosts, and in return,
the AMF contributed soil P and possibly N to plant hosts (Hodge et al., 2010; Liu et al., 2015).
Our finding revealed that Gram- bacteria were closely correlated to AMF under no N fertilizer. It
is possible that they obtained benefits from the fungi and plant hosts symbiosis. Moreover, Fanin
et al. (2019) studied Gram+ and Gram- bacteria indicators for C availability and illustrated that
Gram- bacteria prefer more simple C compounds while Gram+ bacteria utilized more complex C
compounds. Actinomycetes, a type of gram+ bacteria that form fungal-like filaments, play a
major role in decomposing complex compounds in plant residues along with other soil microbes.
Additionally, they can survive in unfavorable environmental conditions (Bhatti et al., 2017).
Actinomycetes were present with Gram+ bacteria and might take over the fungal role in the
decomposition of corn residue after harvesting (Helfrich et al., 2015) after the corn harvest in fall
2018. Saprophytic fungi and F:B ratio were promoted by N fertilizer input in our study which,
due to the N fertilizer, impacted substrates added to the soil, and supported fungal growth (Belay
et al., 2002).
2.5 Conclusions
From our two-years of data, we found that the use of winter cover crops in the fallow
season in corn production under no-till production could reduce the N fertilizer rate input for
corn. Corn grown following leguminous species had the highest yield at 90 kg N ha-1 while corn
47

planted following the grass & brassica treatment maximized yield at 179 kg N ha-1. Legume
cover crops and increasing N fertilizer rates decreased soil pH. Soil organic matter did not
respond to cover crops but did increase with N fertilizer input increasing by 8% following rates
of 90 kg N ha-1 compared to no N fertilizer application. Applications of 90 kg N ha-1 also
significantly increased total C and total N. Moreover, extractable NO3--N responded to cover
crop types. Leguminous cover crops had greater in soil NO3--N level, concentrations of available
P, and β-glucosidase activity than the grass & brassica treatment while the grass & brassica
treatment had greater K concentrations than legume species. β-glucosidase activity under
legumes did not change following any N fertilizer rates input; however, the input of N fertilizer
at 179 kg N ha-1 significantly increased the C enzyme activity under grass & brassica. In
contrast, the grass & brassica cover crop treatment demonstrated greater NAGase activity than
legume cover crops. The grass & brassica treatment had an effect on the absolute abundance of
AMF with higher in leguminous species treatment at all sampling times except fall 2018. Total
microbial abundance responded to N fertilizer rates at 90 kg N ha-1 for spring 2018 and at 179 kg
N ha-1 for spring 2017. Soil microbial groups separated more distinctly by cover crop types in
spring sampling times compared to fall. The relative abundance of AMF and Gram- bacteria was
higher in grass & brassica treatments in both spring sampling times, while legumes had greater
total fungi, Gram+ bacteria, and a higher ratio of fungi to bacteria. The AMF and Gram- bacteria
favored 0 kg N ha-1, while treatments with greater than 179 kg N ha-1 were dominated by Gram+
bacteria, saprophytic fungi, and an increased F: B ratio. Overall, the incorporation of grown
legume cover crops for crop rotation was able to reduce N fertilizer input, sustained corn grain
production, and benefited soil health parameters.
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CHAPTER 3. THE DECOMPOSITION AND NUTRIENT RELEASE
DYNAMICS OF MIXED COVER CROPS ON CORN/COTTON/SOYBEAN
ROTATION UNDER A NO-TILL SYSTEM
3.1 Introduction
One of the advantages of growing cover crops is improved nutrient cycling and increased
availability of nutrients for the subsequent cash crop (Blanco-Canqui et al., 2015; Jahanzad et al.,
2016; Luna-Orea et al., 1996). In Louisiana, cover crops are generally established in the fall,
allowed to grow through the winter and terminated in the spring (LSUAgCenter, 2012; Sanchez
et al., 2019a). Cover crops access residual nutrients leftover after the main crop harvest and
assimilate them into their biomass. After cover crop termination, the nutrients are turned over to
soil to the benefit of the following cash crop. In Louisiana, various studies have demonstrated
that cover cropping can increase soil organic matter, improve soil physical properties (Patrick Jr
et al., 1957), reduce soil erosion (Hutchinson et al., 1993), improve cotton yield (Boquet, et al.,
2004), and increase corn production, soil chemical properties, and soil biological properties
(Sanchez et al., 2019a; 2019b). However, knowledge concerning the effects of cover crops on
biomass degradation and nutrients (particularly nitrogen) availability after termination is lacking
in the Mid-South.
Crops demand a large amount of macro-nutrients and the most limiting nutrient is
nitrogen (Smil, 2001). Nitrogen is firmly bounded in plant cell components such as lignin and
cellulose (Fioretto et al., 2005), and is an essential element in chlorophyll, proteins, and amino
acids. Like nitrogen, sulfur is a constituent of amino acids and proteins (Nikiforova et al., 2006)
and bound with nitrogen in plant organs (Giovanelli et al., 1980). Phosphorous plays a crucial
role in energy storage and transfer during photosynthesis and the carbohydrate metabolism in
plant growth. In contrast, potassium is not a component of plant compounds but is assimilated in
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the plant matrix to control ionic balance and translocation. Potassium is necessary for plant
opening of stomata and accounts for 1-2% concentration of plant weight (Havlin et al., 2016).
Cover crop mixtures are gaining popularity across the United States because they offer
multiple benefits to agroecosystems simultaneously, for instance, mitigating, maintaining and
improving soil and yield productivity (Blanco-Canqui et al., 2015). They also reduce the
environmental risks. For example, mixtures of cover crops have a strategy to increase biomass
production (Finney et al., 2016) which can aid in weed suppression, soil erosion, nitrogen and
carbon retention, and nutrient cycling for the subsequent cash crop (Finney et al., 2016; Hunter et
al., 2019). Cover crops supply nitrogen for the primary crop at a significant amount. In
Louisiana, legumes can incorporate and supply nitrogen acquired from nitrogen fixation and
scavenging residual nitrogen in the soil, typically at 112-135 kg N ha-1 aboveground biomass.
Legume cover crops can rapidly mineralize nitrogen after termination. In comparison, grasses
can supply 56 kg N ha-1 and sequester the nitrogen and other nutrients at a slower rate than
legumes (LSUAgCenter, 2012).When a grass was seeded with a legume, the nitrogen
assimilation in cover crop residues increased. The mixture of cereal rye and hairy vetch
assimilated 71 kg N ha-1 (Lawson et al., 2015). Forage radish (Raphanus sativus L.), a brassica
group, produced approximately 50 kg N ha-1 as the same as black oat produced in Pennsylvania.
Whereas, the shoot and root of forage radish was assimilated nitrogen 96 and 43 kg N ha-1 in
Massachusetts, respectively (Jahanzad et al., 2016). Compared to legume and grass groups,
forage radish had the fastest nitrogen release rate during the decomposition process on the soil
surface, followed by winter pea (Pisum sativum subsp. arvense L.) (legume) and cereal rye
(Secale cereale L.) (grass) (Jahanzad et al., 2016). Finney et al. (2016) reported that nitrogen
retention was positively correlated with cover crop biomass. Similar results were found in
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another study conducted prior to maize, a 4- and 3-species of cover crop had more biomass than
a single species (Hunter et al., 2019). While it is possible to estimate the potentially available
nitrogen from cover crops, little work has been done to determine the rate at which nutrients are
released from biomass. This information can aid in determining cover crop termination timing
relative to the needs of the cash crop.
Biotic and abiotic factors influence decomposition and nutrient release from organic
residues in the soil, particularly the quality of the residues, such as C/N ratio and lignin content
(Fioretto et al., 2005; Ibewiro et al., 2000; Sievers & Cook, 2018). Many studies demonstrated
that the C/N ratio of cover crop residues was involved in both biomass and nutrient decay rates.
The wider C/N ratio was attributed to a slower decomposition, for instance, the 35:1 for cereal
rye (grass cover crops), while the smaller C/N ratio reflected a quicker decomposition rate 10:1
for hairy vetch (Sievers & Cook, 2018). When hairy vetch biomass was mixed with cereal rye in
a 50-50 blend, the C/N ratio was below the net immobilization/mineralization threshold (2530:1). The mixed cover crops dominated by grasses had the most significant C/N ratio at
approximately 30:1 (Hunter et al., 2019). Cereal rye had a higher initial C/N ratio and lignin
content than winter pea and forage radish resulting in slower biomass decomposition and lower
nitrogen concentration from residues (Jahanzad et al., 2016). During decomposition, the cereal
rye had maintained 60% biomass and nitrogen after 8 weeks, while the forage radish and winter
pea had lower than 40% of biomass and nitrogen residues (Jahanzad et al., 2016). Considering
nitrogen, phosphorous, and potassium residue degradation, the nutrient release order from faster
to slower was potassium > phosphorous > nitrogen (Luna-Orea et al., 1996).
The integration of cover crops for row crop productions in the Mid-South is limited in the
literature. Therefore, the synchronization of cover crop termination and nutrient availability for

51

the cash crop is essential to make recommendations, especially regarding nitrogen and other
secondary nutrients. Our study aimed to examine cover crop biomass degradation and the release
of nitrogen and other nutrients from cover crop biomass and identify the optimum time of
inorganic N availability for the subsequent cash crop. Information to aid in the synchronization
of cover crop termination and nutrient availability for the cash crop is essential to acknowledge,
especially the nitrogen and other secondary nutrients.
3.2 Material and methods
3.2.1 Study site and treatments
The study was conducted in 2019 and 2020 at Louisiana State University AgCenter
Macon Ridge Research Station (Macon Ridge site) and Dean Lee Research Station (Dean Lee
site) in Louisiana. The Macon Ridge site (32°0ʹ94ʺN, 91°43ʹ24ʺW), south of Winnsboro, LA was
a Gigger-Gilbert silt loam (Soil Survey Staff, 2010). The high and the low soil temperatures were
32°C and 9°C during 2 years of the experiment, respectively (Figure.3.1A). The Dean Lee site
(31.178047ºN,92.410498ºW), south of Alexandria, LA was classified as a Coushatta silt loam
(fine-silty, mixed, superactive, thermic Fluventic Eutrudept soil). The highest and the lowest soil
temperatures were 32°C and 8°C, respectively (Figure.3.1B). The main crop rotation at Macon
Ridge was corn/cotton with a corn/soybean rotation at the Dean Lee site.
Three groups of cover crops were used in this study, including legumes [berseem clover
(BC) (Trifolium alexandrinum), hairy vetch (HV) (Vicia villosa Roth), crimson clover (CC)
(Trifolium incarnatum L.) and winter pea (WP) (Pisium sativum L.)], grasses [cereal rye (CR)
(Secale cereale), black oat (BO), and wheat (WH)] and a brassica [forage radish (RD) (Raphanus
sativus var. longipinnatus)]. For the field experiment at the Macon Ridge site, this field has
previously been part of no-till single species cover crops and nitrogen rate (0, 90, 179, and 269
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Figure 3.1. Average monthly high and low soil temperatures and total monthly precipitation from
October 2018 through May 2020 in Central (Dean Lee research station) and northeast Louisiana
(Sweet Potato Station, Chase). * Due to equipment failure data from Mar.19, Apr.19, and
May.19, the soil temperatures were missing, and the precipitation was obtained from
U.S.Climatedata.com for Macon Ridge and National Weather Service for Dean Lee.
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kg N ha-1) study in a continuous corn system, as described in Chapter 2. Therefore, the cover
crop residues and residual nitrogen fertilizer may influence the first year of cover crop growth
due to rearranging the plots for this study. The current experiment was designed as a split-plot
with a randomized complete block design replicated four times. The main plot was cover
cropping treatments with N fertilizer rates, including 0, 90, 179, and 269 kg N ha-1 as the subplot. For this study, biomass and soil samples were used only at two N fertilizer rates (0 and 179
kg N ha-1) for a total of 16 treatments and four replications (n=64). The cover crop treatments
consisted of a control (fallow), a wheat monoculture (WH), cereal rye and hairy vetch mixes
(CR+HV), wheat and crimson clover mixture (WH+CC), cereal rye and black oat mixture
(CR+BO), black oat, crimson clover and forage radish blend (BO+CC+RD), crimson clover,
hairy vetch and forage radish (CC+HV+RD), and black oat, wheat, hairy vetch and forage radish
mixture (BO+WH+HV+RD). The cover crop planting rate (kg ha-1) of each treatment in 2019
was 78 kg ha-1 for wheat, 43.1 and 43.1 kg ha-1 for CR+BO, 47 and 17.1 kg ha-1 for CR+HV, 47
and 13.4 kg ha-1 for WH+CC, 35.3, 14.6 and 3.4 kg ha-1 for BO+CC+RD, 13.4, 17.1 and 2.2 kg
ha-1 for CC+HV+RD, 43.1, 43.1, 15.6 and 2.2 kg ha-1 for BO+WH+HV+RD, respectively. In
2020 the planting rate slightly changed in some treatments, which were 30.8 and 43.1 kg ha-1 for
CR+BO, 33.6 and 17.1 kg ha-1 for CR+HV. The fallow that served as a control was native weeds
growing mostly of ryegrass (Lolium sp.) and henbit (Lamium amplexicaule).
This research was replicated at Dean Lee site, with the number of cover crop treatments
reduced to four as the main plots, and the nitrogen fertilizer rates were 0 and 179 kg N ha-1 as a
sub-plot with four replications. The cover crop treatments were a control (fallow), wheat and
berseem clover mixes (WH+BC) planted at 43.1and 15.6 kg ha-1, black oat and winter pea
(BO+WP) planted at 43.1 and 21.6 kg ha-1 and cereal rye, crimson clover, and forage radish
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(CR+CC+RD) planted at 43.1, 12.3 and 0.6 kg ha-1in 2019 and 30.8, 12.3 and 0.6 kg ha-1 in
2020. There were eight treatment combinations with four replications (n=32). The fallow was an
untreated plot containing native weeds of ryegrass (Lolium sp.) and spiny sowthistle (Sonchus
asper).
Cover crops were seeded into each plot in mid-October after harvesting corn in 2018 and
2019 by drill seeding using a four-row InterSeederTM (InterSeeder Technologies LLC,
Woodward, PA) for the Macon Ridge site and hand seeded by broadcast with an Earthway 3400
Ergonomic Hand-Held at Dean Lee site. Cover crops were grown over the winter without any
further fertilizer, pesticide, or herbicide application until reaching the termination period in midFebruary. They were terminated by application of 2,4-D at a rate of 0.5 kg ai ha-1 and glyphosate
(Roundup) at a rate of 1.5 kg ai ha-1. Following cover crop termination, soils were not tilled and
cash crops were planted in early March for corn (2019) or April for soybean and cotton (2020).
Four nitrogen fertilizer rates of 0, 90, 179, and 269 kg N ha-1 were applied as urea (46-0-0) for
corn and cotton was applied 0, 45, 90, 135 kg N ha-1. However, for soybean nitrogen fertilizer
was not applied.
3.2.2 Litterbag experiment, collection and analysis
For both locations, cover crop biomass was collected in mid-February in spring
immediately prior to cover crop termination. Except for forage radish, cover crops were cut at
ground-level in each plot of four 0.25 m2 transects for Macon Ridge and three 0.25 m2 transects
for Dean Lee. For forage radishes, biomass was collected from both above and below ground.
For each treatment, species was separated in each cover crop mixture treatment before they were
dried in an oven at 60°C. The dry weight (DW) of each individual cover crop was recorded and
the biomass produced per plot was calculated. Subsample of each species of a cover crop
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treatment was saved for total carbon, nitrogen, and macronutrient analysis as the initial data at
wk0. Cover crops were mixed within the same treatment of four replications before putting in the
nylon mesh bags. Ten gram (g) DW of cover crop for Macon Ridge and 4 g DW for Dean Lee
were added into nylon mesh bags (10 by 20 cm). In the case of mixture treatments, the mix cover
crops were added based on their proportion measured in harvested biomass. Six nylon mesh bags
per treatment were placed on the no-till soil surface in each plot anchored by using two
landscape staples to attach to the soil surface. The litter nylon mesh bags were collected at
intervals of 1, 2, 3, 4, 6, and 8 wk after cover crop termination (late-February to late-April in
2019 and mid-March to mid-May 2020) (Table 3.1).
The nylon mesh bags at retrieval time from each plot were carefully washed and ovendried at 60°C to constant weight. Each litter bag was weighed and the weight was used to
evaluate the percent biomass remaining in cover crop residues. The cover crop residues retrieved
from nylon bags were ground and total carbon, total nitrogen, phosphorous, potassium, and
sulfur were analyzed by the LSU AgCenter Soil Testing and Plant Analysis Laboratory
(STPAL). Total carbon and total nitrogen in cover crop residues were measured using the dry
combustion method with a LECO CN Analyzer (St.Joseph, MI). Plant tissue nutrients
(phosphorous, potassium and sulfur) were extracted by digestion (using water, HNO3 and H2O2)
and were measured via Inductively Coupled Plasma (Lexington, KY).
3.2.3 Soil analysis
Soil samples were collected from 0-10 cm depth using a 2.54 cm diameter soil probe. Six
samples were collected from each sub-plot at the same intervals as cover crop biomass traced
degradation at intervals of 1, 2, 3, 4, 6, and 8 weeks after cover crop termination. Soil samples
for the initial time at wk0 were pulled at the cover crop termination date. Sampling took
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Table 3.1. Dates of field activities at Dean Lee and Macon Ridge throughout the experiments
across 2019 and 2020
Activity
2018 Prior-main crop

Macon Ridge site
Corn

Dean Lee sites
Soybean

Cover crop harvest

15 Feb. 2019
11 Feb. 2019
Sample collection date in 2019
Soil
Nylon bag
Soil
Week 0
15 Feb.
15 Feb.
Week 0
15 Feb.
Week 1
25 Feb.
1 Mar.
Week 1
25 Feb.
Week 2
1 Mar.
7 Mar.
Week 2
1 Mar.
Week 3
7 Mar.
15 Mar.
Week 3
7 Mar.
Week 4
15 Mar.
22 Mar.
Week 4
15 Mar.
Week 6
29 Mar.
5 Apr.
Week 6
29 Mar.
Week 8
12 Apr.
22 Apr.
Week 8
12 Apr.
2019 Main crop
Corn
Corn
Cover crop harvest
21 Feb 2020
14 Feb 2020
Sample collection date in 2020
Soil
Nylon bag
Soil
Week 0
13 Mar.
13 Mar.
Week 0
13 Mar.
Week 1
NA
23 Mar.
Week 1
NA
Week 2
30 Mar.
30 Mar.
Week 2
30 Mar.
Week 3
6 Apr.
6 Apr.
Week 3
6 Apr.
Week 4
13 Apr.
13 Apr.
Week 4
13 Apr.
Week 6
27 Apr.
27 Apr.
Week 6
27 Apr.
Week 8
11 May
11 May
Week 8
11 May
†
NA, not available. Denotes that the soil samples and nylon mesh bags were not collected
that week because of the COVID-19 regulated travelling.

place from mid-February to mid-April in 2019 and mid-March to mid-May in 2020 (Table 3.1).
After collection, soil samples were air-dried at room temperature for five days and then ground
for further analysis, such as inorganic nitrogen (nitrate-N: NO3--N and ammonium-N: NH4+-N),
and soil protein-N, soil phosphorous, potassium and sulfur concentrations.
Soil samples were analyzed for soil extractable phosphorous, potassium, sulfur, and
inorganic N, including NO3--N and NH4+-N. Mehlich-III extractable nutrients (phosphorous,
potassium, and sulfur) were measured via Inductively Coupled Plasma (Lexington, KY).
Inorganic N (NO3--N and NH4+-N) were quantified following the method of Mulvaney (1996).
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Briefly, one gram of air-dried soil was added with 10 mL of 2 M potassium chloride (KCl) and
shaken for one hour. Samples were filtered through Whatman 42 filter paper. The filtrate was
colorimetrically analyzed using the microplate method (Hood-Nowotny et al., 2010). Soil
protein-N was measured using the autoclave citrate extractable (ACE) method suggested by
Wright and Upadhyaya (1996), which reflects the mineralizable nitrogen pool in the soil. Briefly,
2 g of air-dried soil in 16 mL sodium citrate buffer (20 mM, pH 7.0) were autoclaved at 128 °C
and 15 psi for 30 min after shaking for 5 minutes. After cooling, 2 mL of the slurry were
transferred to a microcentrifuge tube and centrifuged at 10,000 rpm for 5 minutes. The
supernatant containing the protein-N was collected and reacted with 200 µL of the working
reagent using the Pierce BCA protein assay kit and incubated at 60°C for 30 minutes in an
incubator (VWR). Finally, the extractable protein content from the sample was measured using
the 96-well microplate EON spectrophotometer at 562 nm. Bovine serum albumin (BSA) was
used as the standard for calculating the extractable protein-N content of the sample following this
formula: [(conc. of extract) × (25 µL extractant)] / g soil.
3.2.4 Calculation and statistical analysis
Biomass produced by each plot was calculated by summing each cover crop DW within
the treatment. Nitrogen, carbon, phosphorous, potassium and sulfur biomass produced were
calculated based on the sum of weight and nutrients of each cover crop species produced in each
mix treatment.
The percent of biomass remaining and percent nutrients at any given time (t, wk) were
calculated as
% biomass remaining or % nutrients remaining = 100 × (Xt/X0)
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where Xt was the mass or nutrients at each wk (t), whereas X0 was the initial mass or nutrients at
wk0.
Statistical analyses of measured biomass DW produced, nitrogen, carbon, phosphorous,
potassium and sulfur biomass produced parameters were performed with PROC MIXED (SAS
Institute, 2009), with an RCB split-plot design for nitrogen rate. Blocks were considered random.
To test the main effect of cover crop treatment analyses were only performed on each site-year
for both biomass and soil parameters. Differences among treatment means were assessed with
the PDIFF option in PROC MIXED and considered significant at α = 0.05 by using the Tukey
test.
At the Macon Ridge site, all biomass and soil parameters in 2019 were not analyzed by
the N rate main effect due to the transition of the experiment described in chapter 2 to the current
trial. For this transition, the main effect treatment plots were rearranged. Due to equipment
failure used for N fertilizer rate application for corn in 2020, the data from only zero N rate was
used. At the Dean Lee site, the N rate main effect was not in place in 2019 as the field had
previously been under soybean production. However, in 2020 the main effect of the cover crop
treatment and N fertilizer rates (0 and 179 kg N ha-1) were analyzed.
The relationship between nitrogen remaining in biomass overtime for eight wk each siteyear was fit to the exponential decay regression model. The exponential model was fit only for
the Macon Ridge site in 2019 and 2020, while the exponential model cannot be fit the data at
Dean Lee site.
𝑦(𝑡) = 𝑦𝑓 + (𝑦0 − 𝑦𝑓 )𝑒 −𝛼∗𝑡
In the exponential decay model, y(t) is the remaining N biomass at time t (day) in
percentages; yf is the predicted final % nitrogen biomass at the designated last day of
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measurements; y0 is the predicted initial % nitrogen biomass at t = 0; e is the exponential
constant with an approximate numerical value of 2.7182; and 𝛼 is the relative decomposition rate
coefficient.
3.3 Results and discussion
3.3.1 Cover crop biomass produced and weed suppression
The average cover crop biomass produced at Macon Ridge was greater than at the Dean
Lee site by 37% mainly because of different management practices and soil types. The Macon
Ridge site is located in the northeast of Louisiana with silt loam soil. This site has been under a
no-till, cover crops, and nitrogen rates experiment for over six years (chapter 2). As a
consequence, the cover crops were allowed to access the residual fertilizers from the previous
trial. In contrast, the Dean Lee site was located in central Louisiana and had previously been a
tilled soybean system with fine-silty soil texture.
At the Macon Ridge site, the average cover crop vegetative growth produced for each
treatment ranged from 1,211- 3,759 kg DW ha-1 in 2019 (Figure 3.2a) and 1,580- 4,618 kg DW
ha-1 in 2020 (Figure 3.2b). There were significant differences between cover crop treatments in
biomass produced in both years. The polyculture cover crops tended to have more biomass than
single (wheat) and 2-mix grass and legume treatments (WH+CC and CR+BO) in both years. For
example, compared to the monoculture (wheat) and two-mixed cover crops (WH+CC and
CR+BO), the multi-cover crops (BO+CC+RD, CC+HV+RD, and BO+WH+HV+RD) produced
60 % higher biomass in 2019 and 76 % greater in 2020. Comparing among multiple species
mixed treatments, the 4-species mix (BO+WH+HV+RD) did not perform significantly
differently in biomass yields from the 3-species mixtures of grass-legume-radish (BO+CC+RD)
and legume-legume-radish (CC+HV+RD) in both years. The 2-mix of grass-legume treatments
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(CR+HV and WH+CC) produced greater biomass yield than fallow, but it was not statistically
different (Figure 3.2).
On the other hand, at the Dean Lee site, the cover crop biomass produced ranged from
1,487 - 1,672 kg DW ha-1 following soybean in the first year and 1,102 - 4,152 kg DW ha-1
following corn in 2020. In 2019 (cover crop following soybean) there was no significant
difference between treatments in biomass produced (Figure 3.3a). In 2020 (cover crop following
corn), we found an interaction of cover crop treatment and nitrogen rates. The grass-legumebrassica mix (CR+CC+ RD) showed the highest biomass amount in 0 nitrogen rate when
compared to 179 kg N ha-1. Among cover crop treatments, the 3-mix (CR+CC+ RD) had greater
biomass produced than the 2-mix treatments (BO+WP and WH+BC) and fallow (Figure 3.3b).
Among mixed cover crop treatments that contained grass species in the mixture
treatments, grasses always produced the highest amount of biomass. Within the mix treatments,
legume species consistently provided less biomass productivity than grass and brassica taproots
in both sites (Figure 3.2 and 3.3). The radish produced over 3x’s the biomass from legumes in
the 3-mix of CC + HV + RD. Hence, this treatment was dominated by radish biomass (Figure
3.2). Similar results were reported by Khan and McVay (2019) demonstrating that cover crop
mixes produced greater cover crop biomass than monocultures. They also revealed that the cover
crop mixture produced more biomass from grass and taproot groups. Hunter et al. (2019) found
that 3-mix (all legumes) and 4-mix (legume-legume-grass-brassica) had higher biomass than a
black oat monoculture. From our results, adding more diversity of cover crop mixtures did not
necessarily increase biomass production, similar to the findings of Finney et al. (2016).
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Figure 3.2. Aboveground cover crop biomass produced in 2019 and in 2020 at Macon Ridge site. Hairy vetch (HV), crimson clover
(CC), wheat (WH), black oat (BO), cereal rye (CR), and tillage radish (RD). Different capital letters indicate the significant difference
within cover crop treatment at α = 0.05 by Turkey test.
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Figure 3.3. Aboveground cover crop biomass produced in 2019 and 2020 at Dean Lee site. Wheat (WH), berseem clover (BC), black
oat (BO), winter pea (WP), cereal rye (CR), crimson clover (CC) and tillage radish (RD). Different lower letters indicate the
significant difference between nitrogen rates within a cover crop treatment at α = 0.05 by Turkey test.
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For weed suppression, at the Macon Ridge site, cover crops resulted in very low (<5% by
weight) weed biomass in every treatment when compared to fallow. This can be explained by the
excellent cover crop biomass produced, resulting in the more effective weed suppression (Figure
3.2). Previous research had shown that increasing cover crop biomass was more effective in
suppressing weeds during the cover crop season (Finney et al., 2016). At the Dean Lee site, the
weed biomass in a grass-legume mix (BO+WP) was 4-13% and the 3-species mix (CR+CC+RD)
was 4-7% by weight for both years, relative to total biomass produced. On the other hand,
WH+BC treatment contained 18% of weed biomass in 2019. Unexpectedly, in the same
treatment in 2020, the weed vegetative produced accounted for 55% of the total biomass (Figure
3.3). They are multiple factors involved in weed germination, including soil moisture and
temperature, soil disturbance, releasing allelopathic chemicals, and light interception (Fisk et al.,
2001). In this case, the low precipitation received (Figure 3.1b) in 2020 during the early
establishment of cover crops may have contributed to low germination of the wheat and berseem
clover to compete with the native weeds during drought stress. Plus, wheat and berseem do not
have allelopathic chemicals produced by cereal rye and radish to aid in the control of weeds
(Creamer et al., 1996) (Lawley et al., 2012). One report stated that a cover crop residue (cereal
rye) must be present in a substantial amount (exceeding 8,000 kg DW ha-1) to inhibit weed
germination and emergence (Mirsky et al., 2013). In contrast, Finney et al. (2016) demonstrated
that cover crop biomass production of 4,629 kg ha-1 was able to control weeds nearly 100%.
3.3.2 Macronutrient assimilations in cover crop biomass
The concentration of nutrient assimilation in cover crop tissues varied among each cover
crop species (Table 3.2). Across years and sites, leguminous species contained the greatest
concentration of total nitrogen, up to 36 g kg-1 (ranged 19-36 g kg-1). For the grass cover crops,
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the averages total nitrogen ranged from 10-29 g kg-1. The brassica or forage radish contained
total nitrogen of 16–20 g kg-1 (above and belowground combined). The total nitrogen contents in
weeds for both sites were very similar. The total carbon ranged from 353-456 g kg-1 for all
biomass. The C/N ratio in grasses was 23:1-40:1 with the exception of cereal rye (14:1 for C/N
ratio) at Macon Ridge, while the legume cover crops usually had a narrower C/N ratio of 12-15:1
(except crimson clover at Dean Lee) (Table 3.2). These C/N ratios were in accordance with the
previous finding of Hunter et al. (2019). They reported that the C/N was 15:1 for legumes, ~35:1
for black oat, and ~ 18:1 for forage radish. The phosphorous concentration from our study
averaged from 1-5%, with the highest concentration measured in radish at both locations (Table
3.3). The cover crop tissues contained 12-29 g kg-1 of potassium. The tillage radish produced the
greatest sulfur concentration in the tissue, which contributed more than three-fold of that
measured in legumes and grasses at both sites (Table 3.2). This is similar to Drost et al. (2020)
finding that radish assimilated higher sulfur concentrations. From this individual nutrient
assimilation in cover crop tissue, we can use the information to navigate for appropriately
constructed cover crop mixtures, especially using the leguminous species to balance the grasses'
impacts (i.e. nitrogen immobilization). Forage radish provided a great sulfur concentration.
Hence, it can be used to improve soil sulfur concentration.
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Table 3.2. Average tissue percent nutrient concentrations, and C/N ratio of individual cover crop
species at Macon Ridge and Dean Lee sites
Cover crop species

Group

Weeds
Crimson clover (CC)
Hairy vetch (HV)
Black oat (BO)
Cereal rye (CR)
Wheat (WH)
BO+WH
CR+BO
Forage radish (RD)

Control
Legume
Legume
Grass
Grass
Grass
Grass
Grass
Brassica

Weeds
Winter pea (WP)
Crimson clover (CC)
Berseem clover (BC)
Black oat (BO)
Cereal rye (CR)
Wheat (WH)
Forage radish (RD)

Control
Legume
Legume
Legume
Grass
Grass
Grass
Brassica

Total C Total N
P
K
S
-1
------------------------------- g kg ----------------Macon Ridge site
398
19
21
2.5
2.2
420
32
27
3.3
2.3
417
36
27
3.5
2.5
390
16
25
2.6
1.4
394
29
25
2.9
2.0
386
19
23
2.9
1.7
406
17
22
2.2
1.3
390
17
20
1.9
1.2
353
20
24
3.5
6.3
Dean Lee site
387
17
25
3.0
2.7
402
28
16
2.1
1.9
401
19
23
3.1
2.4
398
29
29
3.3
2.7
404
10
16
1.3
0.8
456
22
12
1.6
1.2
401
18
20
1.9
1.3
353
16
24
4.6
7.2

C/N

21
13
12
24
14
20
24
24
18
23
15
22
14
40
26
23
25

The cover crops at Macon Ridge trial produced more macronutrients than the Dean Lee
site per hectare in single and mixed cover crops due to greater biomass produced (Table 3.3). At
Macon Ride, there were significant differences among cover crop treatments in all essential
nutrient parameters (Table 3.3), including total carbon, total nitrogen, phosphorous, potassium,
and sulfur in both years. We found that total carbon, total nitrogen, phosphorous, and potassium
incorporated in cover crop tissues positively related to biomass productivity, as several studies
have shown (Finney et al., 2016; Pantoja et al., 2016). At Dean Lee, nutrient content was greater
in 2020 on average than in 2019. This was due to the positive effect of N fertilizer applied to
corn, while in the first year there was no fertilizer added to the main crop (soybean). Considering
each year at the Dean Lee site, there was a significant difference among cover crop treatments in
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potassium and sulfur produced in the first year. In contrast, an interaction of cover crops and
nitrogen rates was observed in 2020 for all nutrient variables, including nitrogen, phosphorous,
potassium, and sulfur (Table 3.3).
At Macon Ridge the multiple species mix treatments likely assimilated more
macronutrient concentration per hectare in both years (Table 3.3). For example, among cover
crop treatments, the 3-mix cover crops (BO+CC+RD, CC+HV+RD) and a 4-mix
(BO+WH+HV+RD) tended to be higher in all nutrient assimilations per hectare, compared to
fallow and 2-mix of grass and legume treatments (CR+HV and WH+CC) in both years, although
this difference was only statistically significant in 2019. The 3-mix of CC+HV+RD produced the
greatest concentration of nitrogen, phosphorous, and sulfur yields per hectare, while the fallow
had the lowest concentration in all nutrient yields for both years (Table 3.3). Notably, because
radish typically produced a significant concentration of sulfur (Table 3.2), the sulfur production
was usually high in the treatments that mixed with radish biomass (above- and belowground)
(Table 3.3). Similarly, the finding was shown in the Dean Lee site in the 3-mix treatment
(CR+CC+RD). There was no significant difference between the grass-grass mix (CR+BO) and
grass-legume mix treatments (CR+HV and WH+CC) in all macronutrient production parameters.
We expected that the grass treatments (wheat and CR+BO) would result in more carbon
production. However, we saw only in 2019 that monoculture wheat produced significantly
greater total carbon than the grass-legume mix treatments (CR+HV and WH+CC). At the Dean
Lee site, in 2020, the 3-mix treatment (CR+CC+RD) produced the highest biomass and
contributed to great nutrient production per hectare. For example, total nitrogen production was
up to 54 kg ha-1, with 15 kg ha-1 for phosphorous, 71 kg ha-1 for potassium, and 20 kg ha-1 for
sulfur (Table 3.3).
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Table 3.3. Nutrients assimilation in cover crop biomass at termination in Spring in 2019 and 2020 at Macon Ridge and Dean Lee .
Standard errors are presented in parentheses
Treatments†

Fallow
Wheat
CR+BO
CR+HV
WH+CC
BO+CC+RD
CC+HV+RD
BO+WH+HV+RD
Average
P-value

Nitrogen
Carbon
Phosphorous
Potassium
Sulfur
-1
------------------------------------------------------------------- kg ha ---------------------------------------------------------------------------------------2019

2020

2019

2020 N0
2019
Macon Ridge site

2020

2019

2020

2019

2020

17 (2) d‡

5 (2) d

337 (36) e

139 (54) d

2.0 (0.2) d

1.0 (0.4) c

21 (2) d

6 (3) d

2.0 (0.3) d

0.6 (0.2) d

52 (5) bc

25 (6) cd

937 (78) bc

604 (147) cd

6.0 (0.5) bc

5.0 (1.2) c

54 (5) bc

41 (10) c

3.9 (0.4) cd

4.0 (1.0) bcd

33 (6) cd

36 (6) bc

773 (144) cd

920 (147) bc

3.2 (0.6) cd

4.0 (0.6) c

33 (6) cd

52 (8) bc

2.4 (0.5) d

3.1 (0.5) cd

37 (5) cd

52 (9) bc

495 (85) de

592 (130) cd

3.5 (0.6) cd

5.7 (1.1) bc

30 (5) cd

37 (8) c

2.6 (0.4) d

3.1 (0.8) cd

33 (7) cd
87 (7) a

30 (6) cd
46 (6) bc

527 (76) de
1444 (149) a

638 (141) cd
1306 (181) ab

4.5 (0.7) bcd
9.4 (1.2) a

5.2 (1.1) c
10.2 (1.2) ab

38 (7) cd
97 (11) a

30 (7) cd
74 (10) ab

2.8 (0.5) cd
11.8 (0.9) ab

2.4 (0.5) d
7.7 (0.8) abc

88 (20) a

97 (23) a

1123 (220) abc

1696 (524) a

9.1 (2.0) a

13.1 (3.7) a

87 (24) a

58 (12) bc

15.3 (4.3) a

12.8 (4.2) a

63 (9) ab

60 (12) b

1241 (194) ab

1407 (276) ab

6.8 (1.2) ab

10.2 (2.4) ab

70 (12) ab

87 (18) a

7.4 (1.3) bc

9.2 (2.8) ab

56

44

934

913

6

7

58

48

7

5

<0.0001

0.0002

<0.0001

0.0008

<0.0001

0.0009

<0.0001

0.0002

<0.0001

0.00014

Dean Lee site
Fallow
BO+WP
WH+BC
CR+CC+RD
Average
P-value
Cover crop
N rate
Cover crop x N rate

9 (1)

6 (1)

173 (27)

171 (29)

1.2 (0.2)

1.4 (0.2)

11 (2) a

12 (2)

1.7 (0.3) ab

0.7 (0.1)

10 (1)

19 (2)

342 (41)

694 (83)

0.8 (0.1)

3.3 (0.5)

14 (2) ab

27 (4)

0.7 (0.1) b

2.0 (0.3)

16 (2)

14 (3)

317 (50)

334 (88)

1.3 (0.2)

2.0 (0.5)

19 (3) a

14 (4)

1.3 (0.2) b

1.1 (0.2)

10 (2)

54 (23)

277 (62)

1154 (419)

1.2 (0.3)

14.7 (6.5)

10 (2) b

71 (32)

2.5 (0.7) a

20.5 (10.5)

12

29

312

727

1

7

14

38

1

8

0.0706

0.0043

0.0771

0.0052

0.2886

0.0037

-

0.0385

-

0.0947

-

-

0.0168

-

0.0443

-

†

0.0405

0.0134

0.0264

0.0046

0.0594

0.0910

-

0.0489

0.0230

0.0428

-

0.0196

Hairy vetch (HV), crimson clover (CC), wheat (WH), black oat (BO), cereal rye (CR), and tillage radish (RD), berseem clover (BC),
black oat (BO), and winter pea (WP)
‡
Different letter within the column indicate significant different among treatments at P<0.05.
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3.3.3 Dynamic of biomass degradation and nutrient release during decomposition
3.3.3.1 Cover crop biomass degradation
The decomposition of a single, mixed cover crop, and weed residues varied with cover
crop treatments in both years (Table 3.4). The cover crop residues significantly degraded over
time (P < 0.05) (Table 3.4) and faster than the control (fallow). In the final week (week 8), the
cover crop residue losses ranged from 53-71% in 2019 (Figure 3.4a) and 65-77% in 2020 (Figure
3.4b) at the Macon Ridge site. For the Dean Lee site (Table 3.5), the cover crop biomass
treatments lost between 52-55% in the first year (Figure 3.5a), with greater losses in the second
year (72-86%) (Figure 3.5b). In contrast, the controls (weeds) were the slowest in degrading
biomass residues across both sites and years. The control at the first year of Macon Ridge and
Dean Lee sites, biomass remaining was approximately 80% at wk8 for 2019 and 55% in 2020. In
the second year of both sites, all residue treatments were slightly faster in decomposing. This is
possible because of the greater soil moisture and temperature during the second year's
decomposing period. It has been reported that soil temperature and moisture affected the rate of
biomass decay with accelerated biomass decomposing (Salah & Scholes, 2011; Salamanca et al.,
2003; Wang et al., 2020). Both sites received more rainfall than in the first years (Figure 3.1),
resulting in high soil moisture. Additionally, compared to the first year, the biomass
decomposition bags were placed one month later in this second year, which may have stimulated
biomass decomposition rate. The cover crop residue loss in each treatment for both sites was
more pronounced in the first 2 weeks after replacement and the dry matter loss rate decreased
after week 2 (Figure 3.4 and 3.5). The rapid plant loss in the initial stages of decay was probably
due to the loss of simple decomposable organic compounds, for example, amino-sugar and
proteins. The recalcitrant materials (i.e. lignin, cellulose, and tannin) typically take a longer time
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to degrade. Jahanzad et al. (2016) demonstrated that the lignin content in cover crop tissues
(cereal rye, forage radish, and winter pea) gradually increased over time after litter replacement.
Moreover, the lignin composition differed among plant species. They found that the non-legume
cover crops contained greater lignin concentration resulting in being resistant to degradation
which was also demonstrated by (Franzluebbers et al., 1996).
Table 3.4. P-value for percent biomass, nitrogen (N), Phosphorous (P), Potassium (K), sulfur
(S) remaining over two months at Macon Ridge site.
Variables

biomass

N

Cover crop (CC)
Time
CC x Time

<0.0001
<0.0001
<0.0001

<0.0001
<0.0001
0.0023

Cover crop (CC)
Time
CC x Time

<0.0001
<0.0001
0.3134

<0.0001
<0.0001
0.2083

C
2019
<0.0001
<0.0001
<0.0001
2020
<0.0001
<0.0001
0.4637

P

K

S

0.0002
<0.0001
0.0123

<0.0001
<0.0001
<0.0001

<0.0001
<0.0001
0.0024

0.0017
<0.0001
0.1259

0.0339
<0.0001
0.0009

<0.0001
<0.0001
0.0931

Table 3.5. P-value for percent biomass, nitrogen (N), Phosphorous (P), Potassium (K), sulfur
(S) remaining over two months at Dean Lee site.
Variables

biomass

Cover crop (CC)
Time
CC x Time

<0.0001
<0.0001
0.0178

Cover crop
N rate
Time
CC x N rate
CC x Time
N rate x Time
CC x N rate x Time

<0.0001
0.1277
<0.0001
0.5499
<0.0001
0.9666
0.8154

N

C
2019
0.0062
<0.0001
<0.0001
<0.0001
0.0223
0.0245
2020
0.2726
0.1237
0.0032
0.0304
<0.0001
<0.0001
0.0007
0.0095
0.4120
0.1718
0.0031
0.0224
0.0672
0.0391
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P

K

S

0.0021
0.0011
0.1668

<0.0001
0.0049
0.1813

<0.0001
<0.0001
0.1079

0.9227
0.1177
<0.0001
0.0014
0.1252
0.0026
<0.0001

0.2435
0.0757
<0.0001
0.0050
0.0021
0.0013
0.0009

0.0011
0.0201
<0.0001
0.0044
0.0818
0.0055
0.0274
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Figure 3.4. Cover crop biomass remaining overtime for 8 weeks after termination at Macon
Ridge site.
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Figure 3.5. Cover crop biomass remaining overtime for 8 weeks after termination at Dean Lee
site.
At Macon Ridge, the 3-mix treatments (BO+CC+RD and CC+HV+RD) and the 4-mix
(BO+WH+HV+RD) were the fastest in biomass degradation in 2019. Similar trends were
observed in 2020. In general, the trends of degradation from the highest to the lowest were
legumes > grasses which is in agreement with multiple studies (Chinta et al., 2020; Jahanzad et
al., 2016; Murungu et al., 2011; Singh et al., 2020). For a mix of legume (HV) and grass (CR),
the rate of decay ranged between previously observed rates for legume and grass (Chinta et al.,
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2020). Jahanzad et al. (2016) compared the forage radish (RD) biomass decomposition rate with
a legume (WP) and a grass (CR) and found that forage radish > winter pea > cereal rye, with the
highest to slowest in residue degradation. As expected, the 3-mix and 4-mix in the grass, legume,
and brassica group were faster in biomass decline than the grass mix, single grass, and grasslegume mixture. Our results in 2020 showed the grass-grass mix (CR+BO) was slower than
legume-legume-brassica (CC+HV+RD) in biomass decomposition at the initial period. However,
the grass-grass mixture tended to have the same amount of biomass remaining as legumelegume-brassica at the end of the experiment (week 8) at both years. Although many works have
shown that grasses were usually the slowest in biomass decomposition, compared to legumes and
a mix of grass-legume (Chinta et al., 2020; Jahanzad et al., 2016; Sievers & Cook, 2018), these
findings were typically based on more mature biomass. Due to ‘early’ termination, the grasses
used in our work were younger than those studies and resulted in lower overall C:N ratios.
At the Dean Lee site, in 2019, among the mixed cover crop treatments, there was a
similar trend of the percentage of biomass remaining, which gradually decomposed from wk1 to
wk3, before stabilizing until wk8, with 46% of the biomass remaining (Figure 3.5a). On the other
hand, in 2020 we found a significant difference among cover crop treatments in biomass
degradation (Table 3.5). The grass-legume mix treatments of WH+BC and BO+WP consistently
resulted in 2x’s more biomass remaining than that of the 3-mix of CR+CC+RD treatment after
wk4. The trend of biomass degradation in this site is close to the Macon Ridge site's result.
However, we saw a 3-mix treatment trend at Dean Lee site with a rapid drop in residue
remaining within 2 weeks and a total loss of 87% of the biomass (Figure 3.5b). Jahanzad et al.
(2016) showed that the radish decomposed faster than legumes and grasses. Therefore, the

71

increased degradation of our 3-mix treatment at Dean Lee can be explained by the higher
proportion of the forage radish in year two.
3.3.3.2 Nitrogen degradation dynamic
The nitrogen loss from cover crops varied with cover crop treatments and was released
over time following termination in both years (Table 3.4). In 2019 at the Macon Ride site, the 3mix of grass-legume-brassica (BO+CC+RD) showed the most rapid nitrogen loss, decreasing
below 50% within 2 weeks with only 33% of the nitrogen remaining after 8 weeks (Figure 3.6a).
The decay coefficient of grass-legume-brassica (BO+CC+RD) was the largest (𝛼 =0.081,
followed by CR+BO (α=0.076) > CC+HV+RD (α=0.062) > BO+WH+HV+RD (α=0.055) >
CR+HV (α=0.048) > WH+CC (α=0.046) > wheat (α=0.027), (Table 3.6). The fallow was the
slowest to lose nitrogen, with 72% remaining by week 8 (Figure 3.6a). By wk8, the percent
nitrogen remaining in cover crop treatments had dropped to 33% (BO+CC+RD), 34%
(CC+HV+RD), 38 % (BO+WH+HV+RD), 37% (WH+CC), 44% (CR+HV), 46% (wheat), 56%
(CR+BO) and 72 % (fallow) (Figure 3.6a). Based on the exponential decay function, the
estimation of CC+HV+RD and BO+CC+RD at wk8 in 2019 had released a significant amount of
nitrogen, 57 and 55 kg N ha-1, respectively. In contrast, CR+BO had released nitrogen 14 kg N
ha-1 (Table 3.6).
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Table 3.6. Exponential decay model parameters and residue nitrogen released estimation as a
function of mesh bag collection time up to eight weeks after termination in spring 2019 and
2020 at Macon Ridge site. The exponential decay equation to estimate the nitrogen remain was
𝑦(𝑡) = 𝑦𝑓 + (𝑦0 − 𝑦𝑓 )𝑒 −𝛼𝑡 .
Cover crops

y0

yf

𝛼

Nitrogen
released†
(kg N ha-1)

y0

Nitrogen
released
(kg N ha-1)

𝛼

yf

2019
2020
Fallow
NA‡ NA NA
NA
NA
NA
NA
NA
Wheat
100 33 0.027
35
97
55
0.044
11
§
CR+BO
104 58 0.076
14
NA
NA
NA
NA
CR+HV
96
39 0.048
23
96
31
0.082
36
WH+CC
82
34 0.046
22
111
51
0.073
15
BO+CC+RD
71
37 0.081
55
120
48
0.092
24
CC+HV+RD
86
35 0.062
57
77
32
0.036
66
BO+WH+HV+RD 83
40 0.055
38
112
44
0.064
34
†
N release = (100-%N remain) x N applied
‡
NA indicated that the data cannot fit to the model.
§
Hairy vetch (HV), crimson clover (CC), wheat (WH), black oat (BO), cereal rye (CR), and
tillage radish (RD), berseem clover (BC), black oat (BO), and winter pea (WP).
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Figure 3.6. Nitrogen remaining in the cover crop residues as percent dry weigh of biomass litter
in the bags during decomposition at Macon Ridge.

In 2020 at Macon Ridge, the grass-legume-brassica mixture (BO+CC+RD) (α= 0.092)
and the blend of grass-legume (CR+HV) (α= 0.082) were the fastest in nitrogen degradation,
followed by WH+CC (α=0.073), BO+WH+HV+RD (α=0.064), wheat (α=0.044), and
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CC+HV+RD (α=0.036) (Table 3.6). Most of cover crop treatments in this second year lost
approximately half of their nitrogen within 3 weeks, including the 3-mix treatments
(CC+HV+RD and BO+CC+RD), the 4-mix (BO+WH+HV+RD), and 2-mix treatments
(CR+HV, WH+CC, and CR+BO). At the end of the experiment, the nitrogen residue retaining
from the lowest to the highest percentages were CR+HV and CR+BO (31%), CC+HV+RD
(36%) ≤ BO+WH+HV+RD (42%) ≤ WH+CC (48%), BO+CC+RD (49%) and wheat (56%).
Fallow always had the highest nitrogen remaining over time, with 82% nitrogen remaining by
the end of the trial (wk8) (Figure 3.6b). The estimated nitrogen amounts released at 8 weeks
from the exponential decay model for CC+HV+RD and CR+HV was 66 and 36 kg N ha-1,
respectively, while the wheat and WH+CC had low nitrogen released (11 and 15 kg N ha-1)
(Table 3.6).
The nitrogen remaining at Dean Lee in 2019 was nearly 50% in all treatments 3 weeks
after termination (Figure 3.7a), at which point concentrations remained constant until the end of
the experiment (Table 3.5). In the same year, the mix of WH+BC remained the lowest in
nitrogen. In 2020 every treatment gradually decreased in nitrogen remaining with only one
treatment (BO+WP) falling below 50% nitrogen remaining by wk6. The mix of grass-legume
treatments (BO+WP and WH+BC) lost 54% nitrogen at wk8 while the 3-mix treatment had lost
only 42% nitrogen (Figure 3.7b). Following nitrogen applications to corn, there was significant
difference in the percentages of nitrogen remaining in cover crop treatment x nitrogen rate and
time x nitrogen rate (Table 3.5). The result showed that no nitrogen fertilizer added (for corn)
treatment resulted in quicker nitrogen loss from the plant materials over time than the treatments
that had added nitrogen fertilizer (data not shown).

74

% N remmaining

100

100

a. 2019

80

80

60

60

b. 2020

40

40
20

Fallow

BO+WP

WH+BC

CR+CC+RD

20

0

0
Wk0

Wk1

Wk2

Wk3

Wk4

Wk6

Wk8

Wk0

Weeks

Wk1

Wk2

Wk4

Wk6

Wk8

Weeks

Figure 3.7. Nitrogen remaining in the cover crop residues as percent dry weigh of biomass litter
in the bags during decomposition at Dean Lee.
Various studies illustrated that the nitrogen degradation in biomass residues depended on
residue quality or biochemical properties i.e. C/N ratio, lignin, and carbohydrates (Hadas et al.,
2004; Jensen et al., 2005; Murungu et al., 2011). The C/N ratio of the cover crop material was
strongly correlated with nitrogen released from the plant residues. The lower C/N ratio increased
mineralization and resulted in quicker nitrogen rate decomposition (Chinta et al., 2020; Kuo &
Sainju, 1998; Li et al., 2020). Our study shows that the C/N ratio of all plant residues was below
25:1 at Macon Ridge and 30:1 at the Dean Lee site. The percent nitrogen remaining was related
to the lower the level of C/N ratio. For instance, in 2019, the BO+CC+RD had a C/N ratio of
17:1 across the 8 weeks of decomposition, with 33 % nitrogen remains at wk8. The C/N ratio of
CR+HV was lower than 12 over the 8 weeks of decomposition in 2020, with 31 % nitrogen
remain in the residues at the end of study. Li et al. (2020) demonstrated that the rapid nitrogen
mineralized from legume and non-legume had occurred within 30 days. Another study also
revealed that the fast nitrogen mineralization (covering 37 species of plant) of the initiation phase
was observed within 4 weeks (Jensen et al., 2005). Our results tended to support these findings
with rapid nitrogen losses (>50%) within 2 to 3 weeks. However, the nitrogen degradation
patterns in our study were not necessarily the same as measured with biomass decomposition.
This agreed with previous research in Pantoja et al. (2016).
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There is still limited research regarding nutrient losses during biomass degradation of the
2-mix and multiple cover crop species mixes. Chinta et al. (2020) observed that a single legume
(hairy vetch) was significantly different (higher) in nitrogen mineralization than the mixed grasslegume and a single grass (cereal rye), degrading within the first 25 days after the incorporation.
However, after 35 days, the mixed grass-legume lost the same amount as the legume but lost
more than the grass. However, in the second year of the same report, a similar pattern was
observed, but there was no statistical difference between the legume and the grass-legume mix.
This indicated that the trends of nitrogen degradation were inconsistent year by year, particularly
the mix-species of cover crops as we found in our studies, in part, due to the C/N ratio in cover
crop treatments at the time of termination. A study using mesh bags to measure nitrogen
degradation on the soil surface from Jahanzad et al. (2016) in the Massachusetts found a similar
pattern and rate in nitrogen loss with rapid degradation over 12 weeks for a legume (winter pea)
and brassica (forage radish). The radish tended to comprise slightly lower percent lignin and
cellulose during decomposition than that measured in the winter pea, and was significantly lower
than cereal rye. Hence, as expected, the treatments that contained radish and legumes were faster
in degradation both nitrogen and biomass than the grass group in our study.
Corn is usually planted in mid-March to early April in Louisiana. Nitrogen application
for corn is recommended in at least two splits, with 1/3 applied at planting and the remaining 2/3
applied at V5-V6 stages (corn initiates the ear shoots and tassels) or approximately 4 weeks after
seeding. The corn peak nitrogen uptake is from V10 to the grain filling stage (Jones, 2015;
LSUAgCenter, 2019). Hence, it is essential to synchronize the cover crop nitrogen release
around the corn growing season to reduce nitrogen loss, utilize nitrogen from the cover crop, and
minimize the nitrogen fertilizer input rate. Our results illustrated that some cover crop bicultures
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and polyculture treatments in litterbags had rapidly lost approximately 50% of nitrogen during
the first 3 weeks after replacement or after cover crop termination. For example, the
CC+HV+RD treatment provided a significant amount of biomass nitrogen, up to 88 kg N ha-1 in
2019. By 3 weeks, the estimation of CC+HV+RD biomass nitrogen would release 50 kg N ha-1
(calculated based on exponential decay equation), and release 57 kg N ha-1 by wk8. In contrast,
the wheat cover crop, a slow biomass nitrogen released treatment, release only 15 kg N ha-1 by
wk3 and 35 kg N ha-1 by wk8. This indicates how nutrient loss varied depending on the original
nutrient contents, related to cover crop species types/species composition. If producers plant a
cover crop mix having rapid decomposing characteristics (in this case, those contained legume
cover crop and radish), the producers should plan to seed the main crop closer to the cover crop
termination date. With a slower nitrogen degradation rate, a late cash crop planting such as
soybean and cotton may benefit from a slower release of nitrogen. Therefore, the
synchronization between the cover crop termination date and the primary crop planting date to
meet the main crop nitrogen demand must be considered. This agrees with Sievers and Cook
(2018) who suggested that the understanding of cover crop degradation will assist in maximizing
cover crop nutrient release with the main crop uptake.
3.3.3.3 Total carbon, phosphorous, potassium, and sulfur release patterns
At the Macon Ridge site, the total carbon, phosphorous, potassium, and sulfur in cover
crop residues decreased over time and they differed between cover crop treatments (Table 3.4).
The cover crops released nutrient patterns for total carbon, phosphorous, potassium, and sulfur
were somewhat similar to the biomass dry weight loss results. For example, the 3-mix treatments
(BO+CC+RD and CC+HV+RD) and a 4-mix (BO+WH+HV+RD) lost macronutrients faster
than other cover crop treatments. Overall, more than 50% of the total carbon (Figure 3.8a and b),
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phosphorous (Figure 3.8c and d), and potassium (Figure 3.8e and f) in most cover crop
treatments (exclude fallow) had been released by week 2 for both years, with the exception of the
total carbon in 2019 (Figure 3.8a).
The single grass (wheat) and a mix of grass-legume (WH+CC) had higher total carbon
retained while the fallow was the greatest for both years (Figure 3.8 a and b). The extractable
phosphorous in plant residues was released slowest over time in the grass-grass mix (CR+BO)
(Figure 3.8 c and d). The potassium loss from the residues was the fastest relative to other
nutrients, releasing more than 66% by wk2 in 2019 and 77% within wk1 in 2020 (Figure 3.8 e
and f). For the sulfur degradation, the cover crops treatments containing radish (BO+CC+RD,
CC+HV+RD, and BO+WH+HV+RD) lost over 50% of sulfur within 2 weeks in both years. At
the same time, the grass-grass mix (CR+BO) in 2019 and grass-legume mix (WH+CC) in 2020
were the slowest in the biomass sulfur release (Figure 3.8 g and h). At the end of the experiment
(wk8), averaged across both years, the multiple mix cover crop treatments retained total carbon,
phosphorus, potassium, and sulfur of 26%, 26%, 1%, and 21%, respectively. The grass-legume
mix treatments remained 34% of total carbon, 27% of phosphorus, 2% of potassium, and 42% of
sulfur. The sole grass and grass-grass mix group retained 30% of total carbon, 17% of
phosphorous, 2% of potassium, and 38% of sulfur.
Compared to the Macon Ridge site, the Dean Lee site was slower in all nutrient releases
(Figure 3.9), except potassium that was rapidly lost within the first week for both years (Figure
3.9 e and f). About fifty percent of total carbon, phosphorous, and sulfur in mixed cover crop
treatments was lost by wk3 in 2019 and by wk4 in 2020. The percent remaining of each nutrient
varied by cover crop treatments in 2019 (Table 3.5). There was no difference among cover crops
treatments in 2020 in total carbon, phosphorous, and potassium remaining (Table 3.5). In
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contrast, There was a difference in sulfur remaining between cover crop treatments. The
degradation of sulfur was similar to at the Macon Ridge site. The 3-mix of CR+CC+RD released
sulfur a lot faster than the 2-mix of BO+WP in both years (Figure 3.9 g and h). The interaction of
the nitrogen rates x time of degradation was observed in all nutrients (total carbon, phosphorous,
potassium, and sulfur) (Table 3.5).
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Figure 3.8. Nutrients remaining in cover crop biomass over 8 weeks after termination at Macon
Ride site.
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According to Nevins et al. (2020), cover crop residue (cereal rye, hairy vetch, and a mix
of cereal rye and hairy vetch) carbon loss to the soil was greater than 50% between 50-68 days
after termination (synchronizing corn emergence to VT corn growth stages (visible tassel) in
Indiana. It is important to note that the high cover crop residue carbon potentially causes nitrogen
immobilization. It attributes new microbial biomass generated as the carbon is released, and
available soil nitrogen is required. Thus, the poor nitrogen residue as the grass cover crop type
(Table 3.2) in our study, mainly wheat and the grass-grass mixture, may result in nitrogen
immobilization.
The order of the nutrient loss rates in this study were potassium > phosphorous > sulfur >
total carbon > total nitrogen. Similar findings to our results were reported in previous research
(Drost et al., 2020; Luna-Orea et al., 1996). For example, most potassium (>80%) in cover crop
residues (hairy vetch, radish, and mixed cover crops) was released within 12 days (Drost et al.,
2020). In general, most potassium concentrations are assimilated in the vacuoles and cytoplasm
of plant cells, and it is not bound to any plant structural compounds (Marschner, 2011). As our
result showed, the potassium in cover crop residues was easy to decay within the first or second
wk after cover crop termination. Unlike potassium, carbon, nitrogen, phosphorous, and sulfur are
an integrated constituent of plant molecules (Marschner, 2011). Hence, their decompositions
were slower than for potassium. Nonetheless, the observed differences in nutrient release trends
from our study showed a better understanding of the potentially available nutrient pools related
to the time of degradation based on the original nutrient pool that cover crops produced. So, the
cover crop residue nutrients were rapidly lost (at least 50%) into the soil within the first 4weeks
depending on cover crop treatments. After wk8 of cover crop termination, with the faster decay
cover crops, the cash crop should be seeded not later than wk8 in the Mid-South. Thus, the
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synchronization timing of cover crop termination and cash crop seeding are very vital to
maximize the benef of the following cash crop nutrient uptake and reduce fertilizer application
rates.

%C remmaining

100

a.2019

80

80

60

60

40

40
Fallow
WH+BC

20
0

BO+WP
CR+CC+RD

Wk1

Wk2

Wk3

Wk4

Wk6

% P remmaining

20

Wk8

c.2019

100

Wk0

Wk1

Wk2

Wk4

Wk6

100

80

80

60

60

40

40

20

20

0

Wk8

d.2020

0
Wk0

Wk1

Wk2

Wk3

Wk4

Wk6

Wk8

e.2019

100

%K remmaining

b.2020

0
Wk0

Wk0

Wk1

Wk2

Wk4

Wk6

100

80

80

60

60

40

40

20

20

0

Wk8

f. 2020

0
Wk0

Wk1

Wk2

Wk3

Wk4

Wk6

100

%S remmaining

100

Wk8

g.2019

Wk0

Wk2

Wk4

Wk6

100

80

80

60

60

40

40

20

20

0

Wk1

Wk8

h.2020

0
Wk0

Wk1

Wk2

Wk3

Wk4

Wk6

Wk8

Wk0

Wk1

Wk2

Wk4

Wk6

Wk8

weeks

weeks

Figure 3.9. Nutrients remaining in cover crop biomass over 8 weeks after termination at Dean
Lee site.
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3.3.4 Change in soil nutrients during decomposition
3.3.4.1 Soil nitrogen pool and inorganic nitrogen
Soil protein-N represents a soil nitrogen pool that can be mineralized to inorganic N.
Between the two sites, the Macon Ridge site had 2.5x greater protein-N than the Dean Lee site,
with 5,856 (Figure 3.10a and b) and 2,362 µg g-1 soil (Figure 3.11a and b), respectively. The soil
protein-N pool did not respond to cover crop treatments at the Macon Ridge site in 2019 and
2020 (Table 3.7), and Dean Lee site in 2020 (Table 3.8). In contrast, at the Dean Lee site in
2019, we did find that the 2-mix treatments (BO+WP) and (WH+BC) and fallow were greater in
protein-N than the 3-mix (CR+CC+RD) by 9% (Figure 3.11a). In both locations, the times after
cover crop termination influenced the soil protein-N pool dynamic for both years (Table 3.7 and
Table 3.8). After termination, at Macon Ridge, protein-N fluctuated overtime after cover crop
termination in both years. However, at wk8, the protein-N was significantly higher than at wk2,
by 19% in 2019 (Figure 3.10a) and 9% in 2020 (Figure 3.10b). For the Dean Lee site, 2019 saw
an upward trend, increasing 48% in protein-N from wk1 to wk8 (Figure 3.11a). In 2020 at the
same location, concentrations fluctuated, decreasing by 9% from wk1 and wk3 to wk4 and wk6
and then increasing by 5% by wk8 (Figure 3.11b).
Table 3.7. ANOVA for soil variables including inorganic N, protein N, phosphorous (P),
potassium (K), sulfur (S) over two months after replacement at Macon ridge site.
Protein-N

NH4+-N

Cover crop (CC)
Time
CC x Time

0.5414
<0.0001
0.9980

<0.0001
<0.0001
0.2147

Cover crop (CC)
Time
CC x Time

0.2514
<0.0001
0.8829

0.2828
<0.0001
0.6849

Variables

NO3--N
2019
<0.0001
<0.0001
<0.0001
2020
<0.0001
<0.0001
0.0175
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P

K

S

0.7944
0.7321
1.0000

0.9782
0.0026
0.9988

0.6297
0.0015
0.7912

0.2863
0.3094
0.1552

0.9686
<0.0001
0.8088

0.4379
<0.0001
0.9844

Table 3.8. ANOVA for soil variables including inorganic N, protein N, phosphorous (P),
potassium (K), sulfur (S) over two months after replacement at Dean Lee site.
Variables

Protein-N

NH4+- N

Cover crop (CC)
Time
CC x Time

0.0231
<0.0001
0.6696

0.1808
0.0066
0.0733

Cover crop (CC)
N rate
Time
CC x N rate
CC x Time
N rate x Time
CC x N rate x Time

0.2224
0.7156
<0.0001
0.9749
0.2285
0.5146
0.8840

0.8858
0.1037
<0.0001
0.8306
0.1518
0.9578
0.8670

NO3--N
2019
0.1182
<0.0001
0.2375
2020
0.0594
0.9077
<0.0001
0.9587
0.1508
0.9822
0.8128

P

K

S

0.7438
0.0003
0.4590

0.3584
0.0070
0.4637

0.2106
<0.0001
0.4176

0.3573
0.6901
<0.0001
0.9173
0.0529
0.9782
0.5355

0.0691
0.4400
<0.0001
0.6497
0.7904
0.5129
0.8435

0.4273
0.0494
<0.0001
0.8661
0.8551
0.0011
0.7376

For soil extractable NH4+-N concentration, a downward trend was found at the Macon
Ridge in 2019 for all cover crop treatments (Figure 3.10c). After termination, the 3-mix of
legume-legume-brassica (CC+HV+RD) and a 2-mix (CR+HV) were greater in NH4+-N
concentration than the 4-mix (BO+WH+HV+RD), grass-grass mix (CR+BO), grass-legume
(WH+CC), and fallow by 24% in 2019 (Table 3.7). In contrast, there were no significant
differences among cover crop treatments in 2020 (Table 3.7). The upward trend of NH4+-N
concentration was demonstrated in the second year (2020), increasing by 455% up to wk3 before
stabilizing through wk8 (Figure 3.10d). No differences were shown at the Dean Lee site in NH4+N concentration among cover crops treatments in 2019 and 2020 (Table 3.8). A trend of NH4+-N
concentration over time peaked at wk6 for 2019, increasing 75%, compared to the first four
weeks (Figure 3.11c). In 2020, the NH4+-N concentration peaked at wk4 increasing by 115%
from wk1 and wk3 (Figure 3.11d).
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months at Macon Ridge site.
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Figure 3.11. Soil protein-N, ammonium-N and nitrate-N, and concentrations dynamics over 2
months at Dean Lee site.
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Soil extractable NO3--N concentration dynamics during biomass decomposition were
affected by cover crop treatments, times after termination, and interaction of cover crop
treatments and times at Macon Ridge in 2019 and in 2020, as shown in Table 3.7. On the other
hand, the time after termination was the only significant impact on soil NO3--N concentration for
the Dean Lee site (Table 3.8). Overall, soil NO3--N concentration were greatest at wk6 after
cover crops termination and increased by 450% and 243% since the first 4 weeks in 2019 (Figure
3.10e) and 2020 (Figure 3.10f) for the Macon Ridge site, respectively. Similarly, at Dean Lee in
2019, the soil NO3--N concentration peaked at wk6 increasing by 200% from the 4 weeks
following termination (Figure 3.11e). In 2020, there was a substantial increase in soil NO3--N
concentration, peaking at wk4 before declining at wk8 (Figure 3.11f). The nitrogen fertilizer
rates did not affect soil NO3--N concentration at the Dean Lee site in 2020. Considering the cover
crops effect at Macon Ridge site in 2019, the legume-legume-brassica (CC+HV+RD) and a
grass-legume mix of CR+HV had the greatest soil NO3--N concentration while the 4-mix
(BO+WH+HV+RD) and grass-grass mix (CR+BO) had the lowest. At wk6, there was a 97%
difference which decreased to an 82% difference between the highest and lowest cover crop
treatments (Figure 3.10e). In 2020, soil samples under legume-legume-brassica (CC+HV+RD)
treatment always had the greatest NO3--N concentration over time (Figure 3.10f). Across two
months of decomposition, the monoculture (wheat), bi-culture grass species (CR+BO) and grassdominant biomass treatments (WH+CC, BO+CC+RD, BO+WH+HV+RD) (Figure 3.2) had a
lower soil NO3--N concentration than the legume-legume-brassica (CC+HV+RD) and grasslegume mix (CR+HV) treatments for both years at the Macon Ridge site. This may reflect the
nitrogen immobilization in the soil under mono- and bicultural grasses and grass dominant
treatments. Jahanzad et al. (2016) demonstrated that under forage radish and winter pea soil NO3-
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-N concentrations were higher relative to cereal rye. They explained that this is because of the
higher nitrogen concentration of cover crop materials and the narrower C/N ratio.
For example, with the BO+CC+RD treatment, it had high assimilated nitrogen in residues
(Table 3.3.) and had the greatest decay coefficient rate (Table 3.6), compared to other treatments.
While it was estimated that BO+CC+RD would release large quantities of nitrogen, we found
that it did not necessarily result in a high amount of available soil NO3--N. It is possible that this
was the result of NO3--N losses via leaching or denitrification and/or nitrogen immobilization.
The initial C/N ratio of BO+CC+RD was 21:1 at the termination date and slowly decreased to
17:1 at wk6. Thus, the available soil NO3--N concentration was associated with the C/N ratio of
cover crop biomass treatments. A study by Jahanzad et al. (2016) confirmed that the C/N ratio of
residues and initial nitrogen assimilation were the valid indicators of nitrogen degradation rate.
The 4-mix (BO+WH+HV+RD) and grass-grass mix (CR+BO) conserved the soil NH4+-N and
NO3--N, thereby making the soil less vulnerable to soil inorganic-N losses.
The legume-legume-brassica (CC+HV+RD) and grass-legume mix of CR+HV)
treatment C/N ratios ranged from 11:1 to 15:1 through decomposition times resulting in net N
mineralization. As noted over time, the treatments of CC+HV+RD produced the highest nitrogen
assimilation in residues and recycling into the soil after termination due to the higher
concentration of soil NO3--N when compared to other treatments over time in both years at
theMacon Ridge site. This was attributed to the species/types of cover crops from each of the
mixture treatment and related to the initial nitrogen production and C/N ratio of blended cover
crop residues. The available soil inorganic nitrogen was not entirely synchronized to the nitrogen
remaining in residues because the trials were under the no-till systems and the cover crop
biomass was placed on the soil surface.
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3.3.4.2 Soil extractable phosphorous, potassium, and sulfur
The cover crop treatments of both sites did not affect soil extractable phosphorous or
sulfur for both years (Table 3.7 and Table 3.8). Soil extractable phosphorous did not change over
time during cover crop biomass decomposition at the Macon Ridge site (Table 3.7), averaging 16
mg kg-1 soil in 2019 (Figure 3.12a) and 21 mg kg-1soil in 2020 (Figure 3.12b). In contrast, at
Dean Lee in 2019, soil extractable phosphorus dropped at wk2 and wk3 (by 16%) from wk0 and
wk1 (Figure 3.13a). Whereas 2020 saw an upward trend, increasing at wk6 and wk8 by 12%
(Figure 3.13b) regardless of cover crop treatments (Table 3.8). Phosphorus is generally immobile
in soil, but it can be lost from the soil via plant uptake, runoff, and erosion from the field
(Magdoff & Van Es, 2000). The soil extractable phosphorous averaged 18 mg kg-1soil in 2019
and 26 mg kg-1soil in 2020 at the Dean Lee site. According to Noack et al. (2014), they studied
the impact of mature pea residue (Pisum sativum L.) on soil phosphorous pool in Australia. They
revealed a slow release of residue-derived phosphorous, and they did not detect the soil
phosphorous under a no-till system within two months. Orwin et al. (2010) reported a weak
relationship among plant leaf litter qualities on soil phosphorus cycling in the UK's temperate
climate. In general, phosphorous forms in the soil are mineral and organic forms. The available
forms of inorganic phosphorous are very small amounts presented in the soil solution (Pierre &
Parker, 1927). Soil extractable phosphorous was low in both soils, and the cover crop residue
phosphorous was low as well making it difficult to detect any changes over time with different
cover crop treatments.
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Figure 3.12. Dynamics of available phosphorous, potassium and sulfur contents in the soil over 2
months after cover crop termination at Macon Ridge site.
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Figure 3.13. Dynamics of available phosphorous, potassium and sulfur contents in the soil over 2
months after cover crop termination at Dean Lee site.

Soil extractable potassium did not respond to cover crop treatments of both sites and both
years (Table 3.7 and Table 3.8). Soil extractable potassium concentrations on average at the
Macon Ridge in 2019 and 2020 were 116 and 126 mg kg-1 soil, respectively, while at Dean Lee,
concentrations were 115 mg kg-1 soil for 2019 and 119 mg kg-1 soil for 2020. The potassium in
cover crop residues was rapidly degraded within the first or two weeks after termination (Figure
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3.8e and f and Figure 3.9e and f). Soil potassium concentration increased after wk2 and wk3
during degradation (Figure 3.12c and d and Figure 3.13c and d). Similar to the previous finding
from Sharma et al. (2018), they found that soil exchangeable potassium concentration was
unaffected by cover crops at a 5-cm depth.
Similar to phosphorous and potassium, the soil sulfur was not affected by cover crops
(P>0.05) (Table 3.7 and Table 3.8). Soil extractable sulfur was unstable over time at both sites in
2019 and 2020 (Table 3.7 and Table 3.8). At Macon Ridge, the extractable soil sulfur was 10 mg
kg-1 on average for both years (Figure 3.12 e and f). Extractable sulfur concentration was 19 mg
kg-1 for 2019 and 29 mg kg-1 for 2020 at the Dean Lee site (Figure 3.13 c and d). At Dean Lee in
2020, the nitrogen rates of 0 and 179 kg N ha-1 influenced extractable soil sulfur concentration.
The interaction between nitrogen rate and time was also found to be significant (Table 3.8). Soil
sulfur concentrations significantly increased over time under both nitrogen fertilizer rates. The
soil sulfur under no fertilizer addition was greater than the soil sulfur under fertilizer (179 kg N
ha-1) at wk6 by 29% and 22% by wk8 (Figure 3.13 f). Inorganic sulfur is obtained from the
decomposition of organic matter by microorganisms. Hence, the status of soil sulfur is related to
the presence and decomposition of soil organic matter (Havlin et al., 2016). Our result showed
the cover crop released more than 50% of its sulfur at wk3 and wk4 at Macon Ridge soil,
particularly from the multiple mix treatments. However, we did not see the changes following
cover crop treatments. This was possible because of immobilization by microbes, or its
accumulation in the form of organic sulfur, which is the most abundant form in agricultural soils
(Kertesz & Mirleau, 2004).
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3.4 Conclusions
Our results provide a better understanding of the impact of mixed cover crop on biomass
degradation and nutrient availability, particularly nitrogen cycling in a corn-soybean and corncotton rotation under no-till production in the Mid-South. Our measurements revealed that the
multi-mix cover crops provided more biomass and nutrient accumulation in tissues than the
monoculture and bicultures, especially total nitrogen and total carbon. Total N assimilated in
cover crop biomass varied by year and because of different cultural practices. Total nitrogen
assimilated ranged from 25-97 kg N ha-1 for the Macon Ridge site and 10-54 kg N ha-1 for the
Dean Lee site. Moreover, the 3-species mix treatment tended to have more biomass and total N
per area at both locations. Approximately 50% of nitrogen and other nutrients were released
within 3 to 4 weeks after termination. Up to 8 weeks post termination, cover crop residue in the
field ranged from 13 to 48%, whereas the nitrogen remaining ranged from 31-66%, depending on
cover crop treatments. Two months after termination, degradation of biomass contributed to
cycling nutrients to the soil. These findings showed that the optimum timing of N degradation
and availability to cash crop is 4 weeks to 6 weeks after cover crop termination. This study
suggested the potential of CC+HV+RD and CR+HV treatments for synchronizing nitrogen
availability to the main crop nitrogen demand early in spring. Otherwise, potentially
mineralizable soil N fluctuated, but still remained higher even 8 weeks after termination
indicating that inorganic N was still continually being released from the cover crop residues.
However, soil phosphorous, potassium and sulfur did not respond to cover crop treatments
during 2 months after termination.
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CHAPTER 4. THE EFFECT OF FALLOW SEASON COVER CROPS ON
SOIL HEALTH IN THE MID-SOUTH
4.1. Introduction
Soybean (Glycine max), corn (Zea May), sugarcane (Saccharum officinarum), cotton
(Gossypium), and rice (Oryza sativa) are the main cash crops grown in Louisiana and have been
for several decades (USDA-NASS, 2019). Intense cultivation for row crop production potentially
increases the loss of biodiversity and biological degradation (Kladivko, 2001). Consequently, the
soils become less fertile and less productive (Agbede, 2010). In less fertile soils, producers have
to rely on synthetic fertilizers to maximize their cash crop yield. High synthetic fertilizer use not
only increases the cost of farming but also increases the risk of environmental issues such as
eutrophication and hypoxia, especially in the Gulf of Mexico. These environmental problems are
caused by excessive nutrient runoff and leaching, especially nitrogen (N) and phosphorus (P)
(Daniels et al., 2019; Dunn, 1996). Agriculture contributes to nonpoint sources of pollution by
more than 50% (Howarth et al., 2002). In Louisiana, the Mississippi and Atchafalaya Rivers are
major sources of N and P (Goolsby et al., 2000; Howarth et al., 2002). A significant contributor
of N is the production of corn, cotton, and soybean through surface runoff generated by rainfall
and furrow irrigation (Daniels et al., 2019). For example, corn requires high N applications of
135 to 303 kg ha-1 to maximize yield (LSUAgCenter, 2019). After harvest of these cash crops,
the residual N can be lost to surface runoff and leaching, especially during rainfall events.
Louisiana has an abundance of precipitation, typically 1,524 mm annually. Not only does this
nutrient loading affect water quality, residual N could also enhance decomposition of the crop
residues and soil organic matter (Khan et al., 2007) which could deplete soil organic carbon,
breakdown soil structure, and contribute to the decline of soil productivity (Li & Shi, 2007).
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Therefore, to mitigate these negative consequences, alternative agricultural practices need to be
considered.
Cover cropping is a conservation practice that is used to protect and improve the soil.
Several studies have reported that cover crops effectively improve soil health in terms of soil
physical, chemical, and biological characteristics (Adetunji et al., 2020; Blanco-Canqui et al.,
2015). The link between cover crops and soil biology has been shown in multiple studies
(Mbuthia et al., 2015). Soil biological parameters including soil respiration, active C, protein N,
soil enzyme activities, microbial biomass, and composition are often included as soil health
indicators because of their sensitivity to land management practices (Nunes et al., 2020). Cover
crop species have been found to increase biodiversity belowground and promote microbial
activities which positively affect soil organic matter, nutrient cycling, and soil aggregate stability
(Finney et al., 2017; McDaniel et al., 2014; Tiemann et al., 2015).
Although cover cropping offers a myriad of benefits to soil and the environment, all of
the advantages cannot be delivered by only a sole species. Cover crops are multifunctional to
ecosystem services, for example, water and wind erosion control, improvement in soil physical,
chemical, and biological properties, sequestration of soil organic C, nutrient cycling, and
suppression of weeds (Blanco-Canqui et al., 2015; Chapagain et al., 2020).There is an increasing
interest in cover crop mixture benefits (Jian et al., 2020a; Khan & McVay, 2019; Tribouillois et
al., 2016) including to enhance biological activities linked to soil health (Ball et al., 2020; Finney
et al., 2017; Muhammad et al., 2021; Thapa et al., 2021). In 2017, Finney et al. reported both
single and mixed cover crops affected soil microbial communities. They found that an oat and
cereal rye mix had a greater proportion of AM fungi compared to oat or cereal rye alone. In the
same study, cover crops served to gain AM fungi, non-AM fungi, Gram- bacteria, and protozoa
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and they were a higher fungal to bacteria ratio. Saleem et al. (2020) suggested that species-rich
cover crops help enrich soil C storage and nutrients in the rhizosphere which are positively
correlated to soil function. Nonetheless, there are several concerns about adopting a cover
cropping system. For instance, rye (Secale cereale L.) cover crop may decrease the main crop
yield because of N immobilization (Tollenaar, et al., 1993, Wyland, et al., 1995) and allelopathic
impact (Raimbault, et al., 1990). The proper management recommendations for cover crops in
the Mid-South region are also needed.
Soil microbial communities play a crucial role in the decomposition processes of plant
residues and stabilizing soil organic matter, including forming soil aggregates (Lützow et al.,
2006; Purahong et al., 2016). Generally, bacteria are more efficient at utilizing easily available
substrates with a high turnover rate. More complex organic materials, particularly lignin,
cellulose, and hemicellulose, are favored by fungi that have the enzyme capacity to breakdown
these compounds. This ability of the fungi to degrade complex materials results in bacteria
growing better with fungi during degradation processes as bacteria obtain the intermediate
decomposition products from fungi. Therefore, it can be assumed that bacteria mainly degrade
polysaccharide compounds after high complex molecular compounds like lignin are decomposed
by fungi (Romaní et al., 2006). Purahong et al. (2016) showed evidence that during
decomposition, changing litter quality caused a cross-kingdom shift of fungi and bacteria.
Actinomycetes, a Gram+ bacteria, can also degrade lignin (Godden et al., 1992), and mineralize
the products released by fungi (Rüttimann et al., 1991). Essential nutrients, substrate C:N ratio,
and soil pH were significant influencers of fungal and bacterial communities (Grosso et al.,
2016). However, the richness of bacteria positively correlated with C, N, and P acquisition of
hydrolytic enzymes. A meta-analysis from Muhammad et al. (2021) reported that cover crops
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can increase soil microbial properties compared to a no-cover crop treatment because of more C
and N input from cover crop residues. They also found that fungi responded to cover crops more
than bacteria.
In the Mid-South region, there is a limited amount of cover crop research including the
multi-species cover crop use. A report in the Louisiana conservation tillage handbook discussed
the species, management, and benefits of winter cover crops, particularly grasses (i.e. wheat
(Triticum aestivum), ryegrass (Lolium multiflorum), and oats (Avena strigose) and legumes (i.e.
hairy vetch (Vicia villosa), Australian winter pea (Pisum sativum L.), crimson clover (Trifolium
incarnatum), and berseem clover (Trifolium alexandrinum) (LSUAgCenter, 2012). At the Macon
Ridge Research Station in Winnsboro, LA, Sanchez et al, (2019a and 2019b) conducted a study
on the effects of fallow season cover crops in Louisiana corn production under a no-till system
observing corn yield and soil chemical and biological properties. The results from these previous
studies indicate that cover crops decrease nitrate-N levels during the fallow season, increase soil
C, and potential soil enzyme activity for C, N, and S cycling. Additionally, leguminous species
of cover crops reduced N inputs relative to brassicas and grasses while brassicas and grasses
enriched microbial abundance (Chapter 2). To date, little on-farm research has been done
regarding cover cropping in Louisiana particularly with soybean, sugarcane, and cotton as the
cash crops. Growers are reluctant to incorporate cover crops due to a lack of information and
familiarity. Therefore, the objective of this study was to demonstrate the impact of fallow season
cover crops on soil health in Louisiana row-crop production following corn, soybean, and cotton
cash crops. We hypothesize that a cover crop mixture can improve soil health by enhancing soil
organic matter and soil microbial activities and populations.
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4.2 Materials and methods
4.2.1 Site description and cover crop establishments
Three on-farm demonstrations of soybean, corn, and cotton production systems were
conducted in northeast Louisiana from 2017 to 2020. Site 1 (21 ha), located in Bastrop, LA, was
on Gallion silt loam (74.9%) and Herbert silt loam (25.1%) soil. Site 2 (6.5 ha) was in Sicily
Island, LA, with Calhoun silt loam (25.1%) and Memphis silt loam (74.9%) soil. Site 3 (15 ha)
was on Herbert silt loam (22.6%), Sterlington silt loam (74.5%), and Sterlington-Herbert
complex (2.9%) soil situated in Oak Ridge, LA (Soil Survey Staff, 2019). Soil texture was
determined for all sites using the hydrometer methods (Grossman & Reinsch, 2002). Hence, site
2 was silty-textured soil (7% sand, 87 % silt, and 6 % clay) with finer-textured soil, whereas site
3 was silt-loam soil (42 % sand, 53% silt, and 5 % clay) with coarser-textured soil and site 1 was
silt-loam soil with medium coarser-textured soil (21 % sand, 68% silt, and 11 % clay). The
average annual rainfall in the northeast region was 1169 mm per year for the duration of the
study (Figure 2.1). Low and high soil temperatures ranged from 9°C (Jan. 2019) to 32.1°C (Aug.
2019), respectively, from October 2017 to January 2020 (Figure 4.1).
For sites 1 and 3, fields were equally divided into three sections, while site 2 was divided
into two equal sections. Each section was further divided into three pseudoreplicates. At sites 1
and 3, two sections were seeded with cover crops, different mixtures in each section, while the
third represented a no cover crop control. Site one had some section seeded in cover crops with
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Figure 4.1. Average monthly high and low soil temperatures and total monthly precipitation from
October 2017 through January 2020 in northeast Louisiana. Soil temperatures are from the Sweet
Potato Station, Chase, LA and the precipitation obtained from U.S.Climatedata.com.* Due to
equipment failure, soil temperate data for Jan., Feb., and Mar. 2018 and Apr. and May 2019 are
missing.

the other maintained a no cover crop control. The mixed cover crop treatment included species of
legumes, grasses, and brassicas. Leguminous species consisted of berseem clover (Trifolium
alexandrinum), hairy vetch (Vicia villosa), Austrian winter pea (Pisum sativum L.), and crimson
clover (Trifolium incarnatum). Grasses included black oats (Avena strigose), cereal rye (Secale
cereale), and triticale (×Triticosecale). Tillage radish (Raphanus sativus) was the only species
from the brassica group. Cover crops were blended and broadcast-seeded with farmers
equipment available at each site. Cover crop treatments at site 1 were established on November
14 and 15, 2017, December 6 in 2018 and November 21, 2019. Site 2 cover crops were
established on October 28, 2017, October 28, 2018 and November 28, 2019. Cover crops at site
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3 were seeded on October 25, 2017, November 29, 2018 and November 21, 2019. Native weeds
were allowed to grow in all treatments. The cover-cropped treatments were terminated between
February and March three-weeks prior to main crop planting using an application of glyphosate
(Roundup Original Max, a glyphosate N-(phosphonomethyl) glycine, Bayer Company, St. Louis,
MO) at 2.24 kg ai ha-1.
Cash crops in each site were rotated during this study (Table 4.1). At site 1 in cover crop
1, corn was sown on March 19, 2018, and in cover crop 2, soybean was seeded on April 9, 2018.
In 2019, cotton was planted on May 3, 2019 in cover crop 1 while corn was planted in cover crop
2. At site 2, on April 16, 2018 soybean was grown, and the following year, corn was planted on
March 20, 2019. At site 3, which also had a cover crop 1 and 2 treatment, the same cash crop
was grown on both sections (Table 4.1). Corn was planted on March 14, 2018, and soybean on
April 12, 2019.

Table 4.1. Producer sites, main crops and cover crop mix planted (kg ha-1) in 2017, 2018 and
2019.
Sites
Site 1

Year

Crops

Cover Crops‡

Site
Cover crop 1†

2017

Cover crop 2

2018

corn

Cover crop 1

Soybean

Cover crop 2

(table cont'd.)
100

Berseem clover
Hairy vetch
Black oats
Cereal rye
Berseem clover
Hairy vetch
Black oats
Cereal rye
Hairy vetch
Triticale
Tillage radish
Crimson clover
Hairy vetch
Black oats

Rate (mix)§
kg ha-1
7.8
15.7
5.6
26.9
4.5
4.5
5.6
58.2
9.0
56
2.2
3.4
17.9
23.5

Sites

Site 2

Site 3

Year

Crops

Site

Cover Crops‡

2019

Cotton

Cover crop 1

Corn

Cover crop 2

Crimson clover
Black oats
Hairy vetch
Cereal rye
Berseem clover
Hairy vetch
Cereal rye
Hairy vetch
Black oats
Tillage radish
Hairy vetch
Bob oat
Triticale
Tillage radish
Berseem clover
Hairy vetch
Cereal rye
Berseem clover
A. Winter Pea
Cereal rye
Hairy vetch
Black oats
Tillage radish
Hairy vetch
Triticale
Tillage radish
A. Winter Pea
Bob oat
Cereal rye
Tillage radish
Hairy vetch
Bob oat
Cereal rye
Tillage radish

2017

Cover crop

2018

Soybean

Cover crop

2019

Corn

Cover crop

2017

Cover crop 1

Cover crop 2

2018

Corn

Cover crop 1

2018

Corn
Corn

Cover crop 1
Cover crop 2

2019

Soybean

Cover crop 1

Soybean

Cover crop 2

†

Rate (mix)§
kg ha-1
14
21
15
25
6.7
9.0
23.5
20.2
23.5
2.2
8
25
25
3
3.4
4.5
58.2
6.7
13.4
23.5
20.2
23.5
2.2
9.0
56
2.2
42
12
12
2.5
18
12
12
2.5

Cover crop rate mixed with other species in kilograms per hectare.
Berseem clover (Trifolium alexandrinum), hairy vetch (Vicia villosa), black oats (Avena strigose),
cereal rye (Secale cereale), triticale (×Triticosecale), tillage radish (Raphanus sativus), A. winter pea
(Pisum sativum L.), crimson clover (Trifolium incarnatum).
§
Sites planted with one specific cover crop mixed with three replications in each farm
‡
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4.2.2 Soil collection and analysis
Soil samples (0-15 cm) were collected at mid-season of the cash crop, cash crop
harvesting, and at cover crop termination (Figure 4.2). At least 16 cores were randomly collected
from each replication (9 each from sites 1 and 3, and 6 for site 2). The soil sample was mixed
and packed in Ziplock bags, transferred to the laboratory in ice chests, and afterward stored at 20°C until further analysis. Prior to determination of soil biological properties, each soil sample
was homogenized by sieving through a 4.75 mm sieve. Field moist soils were used to analyze
soil moisture, organic matter, and microbial community composition. Air-dried (room
temperature for 3 days) soils were examined for soil respiration, active C, protein-N, and soil
enzyme activities.

Figure 4.2. Soil and plant biomass sampling, and harvesting activities in 2017, 2018, 2019 and
2020.

Soil moisture and organic matter were measured using the loss-on-ignition (LOI) method
as described in Nelson and Sommers (1996). Briefly, five grams of field-moist soil were ovendried at 105 °C for 18-hrs and weighed after cooling in a desiccator. After that, the soil samples
were transferred to a muffle furnace at 400 °C for 24-hour. Then, the soil sample weight was
recorded again after cooling to determine % LOI. The % soil moisture and % LOI were
calculated as
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% Moisture = [(field moist weight-dry weight)/dry weight] *100
% LOI = [(weight105 – weight400)/weight105] *100
Soil respiration was measured as the release of CO2 produced by the activity of soil
microorganisms using the Solvita CO2-burst assay (Haney & Haney, 2010). Briefly, 40 g of airdried soil were weighed into 50-mL plastic beakers. Then, the soil samples were slowly wetted
to approximately 50% water-filled pore space with DI water using a pipette. The rehydrated soil
and a Solvita® paddle, that contained a thin-gel technology to absorb CO2 emission, were
incubated for 24 hours in a sealed glass jar at ambient room temperature. After the incubation,
the paddle was removed and read using a digital color reader (model S100) to measure the
change in color intensity. The unit was expressed as mg CO2-C kg-1.
Soil active C was determined as permanganate oxidizable carbon (POXC) following
modification by Weil et al. (2003). Air-dried soil samples were weighed at 2.5 g each to react
with 2 mL of 0.2 M KMnO4 solution (pH 7.2) mixed with 18 mL of DI water in 50 mL plastic
centrifuge tubes. The soil in the 0.2 M KMnO4 solution was shaken for 2 minutes and placed in a
dark area and allowed to settle for 10 minutes. Then 0.5 mL of supernatant was quickly
transferred into a new 50 mL centrifuge tube with 49.5 mL of deionized water. The diluted
supernatant was pipetted into a 96-well plate and read with an EON spectrophotometer (Bio Tek,
Vermont) at 550 nm. The POXC (mg kg−1 soil) was calculated based on a standard curve using
different concentrations of the 0.2 M KMnO4 solution. The equation is shown below:

POXC (mg kg−1) = [0.02 mol L-1 – (a + b × Abs)] × (9000 mg C mol-1) × (0.02 L solution/ Wt)
where 0.02 mol L-1 is the initial solution concentration, “a” is the intercept of the standard
curve, “b” is the slope of the standard curve, Abs is the absorbance of the unknown soil sample,
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9000 mg is the amount of C oxidized by 1 mol of MnO4 with Mn7+ reduced to Mn2+, 0.02 L is
the volume of KMnO4 solution reacted with soil, and Wt is the weight of soil sample in kg used
for the reaction.
Soil protein-N was measured using the autoclave citrate extractable (ACE) method
suggested by Wright and Upadhyaya (1996) which reflected the mineralized N pool in the soil.
Briefly, 2 g of air-dried soil in 16 mL of sodium citrate buffer (20 mM, pH 7.0) was autoclaved
at 128 °C and 15 psi for 30 min after shaking for 5 minutes. After cooling, 2 mL of the slurry
was transferred to a microcentrifuge tube and centrifuged at 10,000 rpm for 5 minutes. The
supernatant containing the protein-N was collected and reacted with 200 µL of the working
reagent using the Pierce BCA protein assay kit and incubated at 60°C for 30 minutes in an
incubator (VWR). Finally, the extractable protein content of the sample was measured using the
96-well microplate EON spectrophotometer at 562 nm. Bovine serum albumin (BSA) was used
as the standard for calculating the extractable protein-N content of the sample following this
formula: [(conc. of extract) x (25 µL extractant)] / g soil.
Soil potential enzyme activities of β-glucosidase for C cycling and β-glucosaminidase
(NAGase) for C and N cycling in samples were reported in mg p-nitrophenol kg-1 soil h-1. The
method described by Tabatabai (1994) was used to evaluate soil β-glucosidase enzyme activity
whereas NAGase was measured using a protocol based on Parham and Deng (2000). In each
sample, there were 2 replications and a control. The air-dried soil samples of 0.5 g were weighed
and mixed with a buffer solution and substrate specific to each enzyme and incubated for 1-hr at
37 °C in an incubator. Afterward, a buffer and flocculant were added to all solutions while the
controls also received the substrate. Soil solutions were filtered through a Whatman No.2 filter
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paper and using EON spectrophotometer, the color of the filtrate was analyzed, and the
concentration of each enzyme was calculated based on the p-nitrophenol standard curve.
Soil microbial structure was measured using EL-FAME (Ester-linked Fatty Acid Methyl
Ester) profiles (FAMEs) as described by Schutter and Dick (2000). For extraction, 3 g fieldmoist soil was extracted by 15 mL of methylation reagent (0.2 M potassium hydroxide in
methanol) which was placed in a 37°C water bath for 1-hr with mixing every 15 minutes using a
vortex. After which, the pH was adjusted to neutral using 3 mL of 1.0 M acetic acid. Three mL
of hexane was then added before centrifuging at 2200 rpm for 5 minutes. The supernatant of the
organic phase was transferred into a small clean test tube and then concentrated by a flow of N2
gas to evaporate the hexane. The EL-FAME profile in each soil sample was determined by gas
chromatography (Agilent 7890B) using a fused silica capillary column and flame ionization
detector. The carrier gas was hydrogen. A 19:0 internal standard was used to calculate the
absolute concentration of each FAMEs as nmol g-1 soil. Relative abundance (mol%) was
calculated for each FAME by dividing each identified peak by the total sum of all identified
FAMEs in each sample. Identification of FAMEs followed the MIDI (Microbial ID, Inc) library
which is based on the number of C atoms, and the number of double bonds, and the position of
the first double bond from the methyl (w) end of the molecule. EL-FAME branches were methyl
(Me), cyclic (cy), cis (c), and trans (t) isomers, and iso (i) and anteiso (a). Biomarkers
(designated fatty acids) used to indicate Gram-negative bacteria (GM-) were cy17:0, cy19:0;
16:1ω7, 16:1ω9c, 18:1ω5c, 18:1ω7c, and 19:1ω6c while Gram-positive bacteria (GM +) were
i14:0, i15:0, a15:0, i16:0, a16:0, i17:0, a17:0 and 18:0, and 10Me 16:0, 10Me17:0 and
10Me18:0for actinomycetes. Saprophytic fungi have been identified as 18.1 w9c, 18:2 w6c,
18:3ω6,9,12c, and 20:1 ω 9c biomarkers, whereas arbuscular mycorrhizal fungi (AMF) were
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identified with 16:1 w5c. Plus, 20:3 w6,9,12c and 20:4 ω6,9,12,15c were used to identify
protozoa (Frostegård & Bååth, 1996; Madan et al., 2002; Pennanen et al., 1996; Zak et al., 1996;
Zelles, 1997; Zogg et al., 1997).
4.2.3 Data analysis
Soil biological properties of each site were independently analyzed by SAS 9.4 software
(SAS institute, 2015) using the PROC MIXED procedure. The random effects were replications
and the main effects were cover crop treatments. Comparison of mean was done by Tukey’s
Honest Significant Difference method at 5% confidence level. Principal component analysis
(PCoA) was used to analyze soil microbial community structure which was performed by
relative abundances of FAMEs examined by vegan package in R (R-Core Team, 2018). It is
performed using a correlation matrix in the capscale function using the Bray-Curtis dissimilarity
index. Vectors were added using envfit function. Different microbial community structures were
illustrated by ordination plots. Of the two points, the greater distance predicted, the greater the
difference between microbial communities. The envfit function was used to create vectors that
indicated the correlation between microbial community composition and environmental
parameters. Vectors represent the corresponding microbial groups. The angles between vectors
are indicative of the correlations between the microbial community groups. The smaller shape
angles show a positive correlation while the angles greater than 90° are negative (Calderon et al.,
2016).
4.3. Results
4.3.1 Effect of cover crops and trends over-time changing on soil health parameters at site 1
In the silt-loam soil under corn-soybean-cotton rotation at site 1, the cover crop mixture
increased soil organic matter by 15 %, relative to no cover crop (Table 4.2). Over time, the soil
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organic matter significantly increased after establishing cover crops in the first year from 14.3 to
24.5 g kg-1 in May 2018, after that it remained constant until harvest season in Aug. 2019
(averaged 22.8 g kg-1) before decreasing in Jan 2020 to 18.9 g kg-1 (Figure 4.3a).
Soil 24-hr respiration was not different between treatments (Table 4.2) which were 94.4 mg kg-1
on average. There were fluctuating trends in cover crop and no cover crops. Respiration began
substantially increasing in mid-season in spring 2018 followed by a decline in the mid-season in
2019 and rising again at harvest period in the same year. Afterward, the trend declined under
cover crop to late Jan. 2020. The soil respiration ranged from 64.8 to 122.3 mg kg-1 (Figure
4.3b). There was no effect of cover crop implementation on soil active C (POXC) which
averaged 553.5 mg kg-1. However, regardless of treatment, there was an improvement in the
concentration of soil active C, gradually rising from 482.2 (Oct. 2017) to 586.5 mg kg-1 (Jan.
2020) (Figure 4.3c). Bioavailable protein-N was not different between cover crops and no cover
crop and averaged 4.2 mg g-1 across treatments (Table 4.2). However, similar to active C, there
wa an upward trend (increase of 66% over time) in both treatments (Jan. 2020) (Figure 4.3d).
Soil β-glucosidase enzyme activity did not significantly respond to cover cropping but
averaged 46.9 mg p-nitrophenol kg-1h-1, yet, it changed across soil sampling times. In
comparison to the initial time, β-glucosidase activity dramatically increased over time by 136%
after two and a half years of the cover crop establishment (Figure 4.3e). On the other hand, soil C
and N cycling of NAGase was greater in the no cover crop treatment by 15 % (Table 4.2).
Nonetheless, the levels of NAGase with- and without cover crop sharply rose over time by 162%
to Jan. 2020, compared to initial sampling (Figure 4.3f).
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Table 4.2. ANOVA of soil biological parameters according to cover crop and no cover crop treatment at sites 1, 2, and 3. Standard errors
are in parentheses.
SOM†
--------g kg-1------Site
1

Site
2

Site
3

Respiration
----mg CO2 kg-1---Site
1

Site
2

Site
3

POXC
Protein-N
-1
------mg kg --------- ---------mg g-1-----Site
1

Site
2

Site
3

Site
1

Site
2

Cover 21.8
21.6 14.3 91.88 112.0 69.2
555.0 562.8 474.2 4.24
5.0
crops (1.1) a‡ (0.6) (0.3) (5.5) (4.7) (4.3) (11.0) (11.0) (8.8) (0.2) (0.2) a
No
18.7
21.0 14.2 96.88 108.8 65.9
551.9 541.9 468.1 4.22
4.3
cover (0.8) b (0.8) (0.5) (7.8) (5.5) (5.4) (20.0) (14.2) (16.7) (0.3) (0.2) b
crop
P0.02
0.34 0.68
0.38
0.54
0.20
0.85
0.20
0.24
0.92 <0.001
value
†
Soil organic matter (SOM), active C (POXC), and β-glucosaminidase (NAGase)
‡
Lower case letters within the column denote significant difference at P≤0.05
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β-glucosidase
NAGase
------------mg p-nitrophenol kg-1h-1 --------

Site
3

Site
1

Site
2

Site
3

3.1
(0.1)

49.4
(2.9)

42.5
(2.8) a

20.9
(1.6)

3.0
(0.2)

44.5
(3.8)

36.9
(3.0) b

21.0
(2.5)

0.20

0.20

0.03

0.81

Site
1
14.6
(0.9)
b

Site
2

Site
3

15.8
(1.6)

9.3
(0.6)

17.0
(1.4) a

15.4
(2.0)

10.0
(1.5)

0.02

0.53

0.63

Cover crop

a) Soil organic matter

200

Fallow

mg CO2-C kg-1

g kg-1

35
30
25
20
15
10
5
0

P†= 0.003

c) POXC

450
300

mg g-1

mg kg-1

600

P= 0.0026

150

mg p-nitrophenol kg-1h-1

mg p-nitrophenol kg-1h-1

0

e) β-glucosidase

60
40
20

b) Soil respiration

120
80
40

P<0.0001

0

750

80

160

P<0.0001

0

Soil sampling times

7
6
5
4
3
2
1
0

30

d) Soil protein-N

P<0.0001

f) NAGase

25
20
15
10
5

P<0.0001

0

Soil sampling times

Figure 4.3. Changes in a) soil organic matter, b) respiration, c) active C (POXC), d) protein-N, e)
β-glucosidase and f) β-glucosaminidase (NAGase) over time at site 1. † P-value denote
significant difference among soil sampling time means with- and without cover crop at α=0.05
(no interaction between cover crop treatments and soil sampling times).

Soil microbial biomass measured as total FAME markers were not affected by the cover
cropping system (averaged 74 nmol g-1) (Table 4.3). However, it significantly changed over time
regardless of treatment. Compared to the initial time of establishing cover crop, the microbial
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biomass significantly increased by 38 % in May 2018 from 62.6 to 86.6 nmol g-1 (Figure 4.4a).
Then the population remained constant through June 2019 before hitting a peak at 90.8 during
soybean/cotton harvesting in Aug. 2019. After that, the microbial biomass unexpectedly dropped
to the lowest concentration of 55.6 nmol g-1 during cover crop termination (Jan. 2020).
The absolute abundance of GM+, GM-, actinomycetes, and total bacteria had no response
to cover crop treatment, with averages of 14.2, 8.7, 2.1, and 24.9 nmol g-1, respectively (Table
4.3). The period of soil collection had an effect on GM+ bacteria (Figure 4.4b), GM- bacteria
(Figure 4.4c), and total bacteria (Figure 4.4e). However, the absolute abundance of
actinomycetes did not change over time (Figure 4.4d). The GM+ had the same pattern as
microbial biomass, significantly rising in May 2018 and remaining stable until Aug. 2019
(Figure 4.4b). There were similar trends for GM- bacteria (Figure 4.4c) and total bacteria (Figure
4.4e).
The AMF population fluctuated over time. A marked rise was measured from Oct. 2017
to Aug. 2018 at 1.5 to 3.5 nmol g-1, respectively. June 2019 saw a considerable drop (33%)
before reaching the highest point at 4.4 nmol g-1 after 2 months on Aug. 2019. However, it
significantly fell again by 57% on Jan. 2020 (Figure 4.4f). The saprophytic fungi population
started at 11 nmol g-1 before establishing cover crop treatments. Then it rapidly grew to peak in
May 2018 to 16.2 nmol g-1. Populations decreased on Aug. 2018 and maintained the same level
at about 12.6 nmol g-1 until Jan. 2020 (Figure 4.4g). In contrast, the fungi:bacteria ratio was
minimally changed from Oct. 2017 to Aug. 2019, averaging 0.5 ITable 4.4), but it significantly
increased to 0.7 on Jan. 2020 during cover crop growth (Figure 4.4h).
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No cover crop
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nmol g-1

nmol g-1

150
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P†= 0.0004

20
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c) GM 15

nmol g-1

nmol g-1
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P< 0.0001

0

0
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5
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e) Bacteria
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20
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P= 0.0005

0
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3
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0

0

40

d) Actinomycetes

4

1

P< 0.0001

nmol g-1

b) GM +

6
5
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3
2
1
0

1.0

g) Saprophytic fungi

f) Arbuscular mycorrhizal Fungi

P< 0.0001

h) Fungi : bacteria ratio

nmol g-1
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0.8
15
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5

P= 0.0075
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0.4
0.2

0

P< 0.0001

0.0

Soil sampling times
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Figure 4.4. Changes in a) total fatty acid methyl esters (FAME), b) Gram positive bacteria
(GM+), c) Gram negative bacteria (GM-), d) Actinomycetes, e) Bacteria and f) Arbuscular
Mycorrhizal Fungi , and g) fungi, h) fungi: bacteria ratio overtime at site 1. † P-value denote
significant difference among soil sampling time means with- and without cover crop at α=0.05
(no interaction between cover crop treatments and soil sampling times).
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Principal coordinate analysis (PCoA) was used to demonstrate the shifting of microbial
community structure with- and without cover crop (P=0.01) (Figure 4.5). The PCoA of site 1
explained 66% of the variation of relative abundance among microbial groups between
treatments. With cover crop treatment, there was a significant shift in GM+, total bacteria, and
actinomycetes whereas saprophytic fungi and fungi:bacteria ratio were positively influenced by
the no cover crop treatment (Figure 4.5). The microbial community structure was also altered by
different sampling times (P =0.001) (Figure 4.6a). In Oct. 2017 prior to establishing cover crops,
actinomycetes were at their greatest relative abundance. During the main crop growing periods
until harvesting (May 2018 to Aug. 2018 and June 2019 to Aug. 2019), total bacteria, GM+, and
AMF were at their greatest relative abundance. During the fallow period on late Jan. 2020, the
saprophytic fungi were the main microbes resulting in a wider ratio of fungi:bacteria (Figure
4.6a).

P=0.01

Figure 4.5. Ordination plot of distance-based redundancy analysis (dbRDA) derived from fatty
acid methyl ester profiles (relative abundance) according to cover crop treatment at site 1.
Vectors are saprophytic fungi (S. Fungi), total bacteria, actinomycetes, Gram positive bacteria
(GM+), Arbuscular mycorrhizae fungi (AMF) and fungi: bacteria ratio. P-value denote
significant difference at P≤0.05.
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Table 4.3. Averages of absolute abundance of total fatty acid methyl esters (FAME) and bacterial groups for sites 1, 2, and 3.
Standard error in parentheses.
Gram positive
Gram negative
Actinomycetes
Total bacteria
bacteria
bacteria
------------------------------------------------------------------------n mol g-1 -----------------------------------------------------------Site Site
Site Site Site
Site
Site
Site
Site
Site Site
Site
Site
Site
Site
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
Total FAME

Cover
75.4 46.1
46.5
14.8 9.2
9.1
8.7
5.6
5.0
(3.2) (3.9)
(2.3)
(0.7) (0.7)
(0.5)
(0.4)
(0.5)b† (0.3)
crops
No
72.6 54.0
47.4
13.5 10.5
8.8
8.6
6.4
5.1
(4.9)
(1.2) (0.7)
(0.9)
(0.8)
(0.4)a
(0.7)
cover crop (5.5) (3.9)
0.55
0.20
0.60
0.25 0.25
0.55
0.60
0.20
0.72
P-value
†
Lower case letters within the column denote significant difference at P≤0.05.

2.4
(0.2)

1.6
(0.2)

1.8
(0.2)

25.9
(1.2)

16.4
(1.2)

15.9
(0.8)

1.8
(0.3)

1.6
(0.2)

1.6
(0.2)

23.9
(2.0)

18.5
(1.2)

15.5
(1.6)

0.59

0.25

0.24

0.74

0.19

0.85

Table 4.4. Averages of absolute abundance fungal groups and fungi:bacteria ration in soil of site 1, 2, and 3. Standard error in
parentheses.
Arbuscular Mycorrhizal Fungi
Saprophytic fungi
Fungi: bacteria ratio
-1
--------------------------------------------------------------n mol g -----------------------------------------------------Site 1

Site 2

Site 3

Site 1

Site 2

Site 3

Site 1

Site 2

Cover crops

2.7
(0.2)

1.6
(0.1)

1.7
(0.2)

13.2
(0.6)

7.8
(0.8)

7.5
(0.4)

0.5
(0.02)

0.47
(0.02)

No
cover crop
P-value

2.6
(0.3)
0.37

2.3
(0.4)
0.34

1.6
(0.2)
0.58

12.6
(0.8)
0.52

10.1
(1.0)
0.05

9.4
(2.0)
0.58

0.6
(0.03)
0.30

0.54
(0.03)
0.03
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Site 3
0.5
(0.02)
0.6
(0.03)
0.73

Figure 4.6. Ordination plot of distance-based redundancy analysis (dbRDA) plot derived from
fatty acid methyl ester profiles (relative abundance) (Saprophytic fungi, total bacteria,
actinomycetes, Gram positive bacteria (GM+), Gram negative bacteria (GM-), Arbuscular
mycorrhizal fungi (AMF), protozoa, S. fungi: bacteria ratio) on different dates of soil sampling
times at a) site 1, b) site 2 and c) site 3.

4.3.2 Effect of cover crops and trends over-time changing on soil health parameters at site 2
In a silt soil at site 2, the mixed cover crop had a positive impact on soil protein-N and
potential β-glucosidase activity while other biological properties were not significantly affected
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by cover crop treatment (Table 4.2). Over time, the majority of measured soil biological
parameters increased (Figure 4.7).
Cover crop treatment did not significantly influence soil organic matter, compared to
control, averaging 21.3 g kg-1 (Table 4.2). For the trend over time, the soil organic matter was
15.7 g kg-1 after the first season of cover cropping, the soil organic matter significantly improved
by 41% in May 2018 and remained steady at 22.5 g kg-1 until the end of the experiment (Figure
4.7a).
Soil respiration was not different between cover crop and no cover crop treatments (Table
4.2). Also, it remained stable over time (Figure 4.7b), with an average of 110.4 mg kg -1. There
was no effect of cover crop implementation on soil active C, with an average of 552.4 mg kg-1.
However, across both treatments, there was an improvement in the concentration of soil active C
which gradually rose from 487.1 (Oct. 2017) to 600.8 mg kg-1 (Jan. 2020) (Figure 4.7c). Soil
protein-N significantly responded to cover crop treatments. The concentration of soil protein-N
in cover crop treatment was 17%greater than no cover crop (Table 4.2). Moreover, regardless of
cover crop and no cover crop, the concentration of organic N pool steadily increased over time
by 55% from 3.4 in May 2017 to 5.3 in Jan. 2020 (Figure 4.7d).
Soil β-glucosidase enzyme activity also responded to cover cropping. The potential
activity was 14% higher in comparison to no cover cropping (Table 4.2). Compared to the initial
sampling date, the β-glucosidase activity substantially increased by 53 % in May 2018, early
soybean season. Potential activity remained relatively unchanged until Aug. 2019 before rising
again to reach a peak during the fallow period in Jan. 2020 (Figure 4.7e). On the other hand, for
NAGase, there was no significant difference between treatments. NAGase activity averaged at
15.6 mg p-nitrophenol kg-1h-1 (Table 4.2). Nonetheless, the levels of NAGase with- and without
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cover crop had a similar trend as β-glucosidase activity. It remained unchanged over time before
sharply increasing by 162% in Jan. 2020 compared to initial sampling (Figure 4.7f).
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Figure 4.7. Changes in a) soil organic matter, b) respiration, c) active C (POXC), d) protein-N, e)
β-glucosidase and f) β-glucosaminidase (NAGase) overtime at site 2. †P-value denote significant
difference among soil sampling time means with- and without cover crop at α=0.05 (no
interaction between cover crop treatments and soil sampling times).
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Soil microbial biomass at site 2 was not influenced by cover cropping, with an average 50
nmol g-1 (Table 4.3), but it significantly changed over time with or without cover crops (Figure
4.8a). The microbial biomass started at 43.8 nmol g-1 in Oct. 2017 then significantly went up by
57% to peak in May 2018 during soybean growth. Then, at soybean harvest in Aug. 2018, it
declined by 36% and leveled out at 44.2 nmol g-1 before rising again in Jan. 2020 by 27%
(Figure 4.8a). The absolute abundance of GM+ (Figure 4.8b), GM- (Figure 4.8c) and total
bacteria (Figure 4.8e) had similar patterns for changing over time. Similar to microbial biomass,
they reach a peak in May 2018 before significantly decreasing to the plateau points in Aug.2018.
In contrast, actinomycetes and AMF did not respond to soil collection times. Regardless of cover
crop treatments, we saw a similar trend between saprophytic fungi and total microbial biomass
peaked in May 2018 and again in Jan. 2020 and stayed constant from Aug. 2018 to Aug. 2019
(Figure 4.8g). Plus, the fungi:bacteria ratio maintained the same level from the beginning
throughout Aug. 2019. After that, it went up in Jan. 2020 in the fallow season (Figure 4.8h).
According to the PCoA for site 2, the relative abundance of the microbial composition
structure did not significantly change in response to cover crop treatments (P = 0.09) while the
soil sampling times influenced a shift in microbial groups (P = 0.001) (Figure 4.6b). The PCA
explains 68.4% of the variation. The shifting in the relative abundance of the microbial structure
was clearly observed in Aug. 2018 which was dominated by GM+ bacteria, and in Jan. 2020,
there was an increase of protozoa, saprophytic fungi, and fungi:bacteria ratio (Figure 4.6b).
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Figure 4.8. change in absolute abundance of total fatty acid methyl esters (FAME), bacterial and
fungal groups for site 2. †P-value denote significant difference among soil sampling time means
with- and without cover crop at α=0.05 (no interaction between cover crop treatments and soil
sampling times).
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4.3.3 Effect of cover crops and trends over-time changing on soil health parameters at site 3
The results showed that cover cropping had no effect on any of the measured soil
biological properties on site 3. The timing of soil collection, however, affected all soil biological
parameters with the exception of soil microbial community structure. There was an interaction of
cover crop treatment and soil sampling time on the absolute abundance of FAMEs.
Soil organic matter was 12.0 g kg-1 in Oct. 2017 and increased in May 2018 by 21 %
(14.4 g kg-1), maintaining the same level through June 2019 before hitting the highest
concentration in Aug. 2019 of 15.9 g kg-1 during soybean harvest. Finally, it decreased by 10%
in Jan. 2020 (Figure 4.9a). The soil organic matter content of this site with- and without cover
crop averaged 14.2 mg kg-1 across treatments (Table 4.2). Soil respiration was initially measured
at 24.4 mg CO2-C kg-1 in Oct. 2017 and increased to its highest measurement at 89.0 mg CO2-C
kg-1 in Aug. 2018 at corn harvest. Afterward, it decreased to reach a plateau from June 2019
during the soybean growing season through the fallow season in Jan. 2020 (72.8 mg CO2-C kg-1)
(Figure 4.9b). Across treatments, soil respiration was 67.6 mg CO2-C kg-1 (Table 4.2). Soil active
C on this site averaged 471.1 mg ka-1 across treatments. It significantly changed over time,
gradually reaching a peak at 536.3 CO2-C kg-1 in Aug. 2019 at soybean harvest before dropping
by 9% in Jan. 2020 (Figure 4.9c). Even though there was a slight decrease at the end, soil active
C did increase by 20% from the initial sampling date.
The soil organic N pool or a protein-N was 2.3 mg g-1 in Oct. 2017. The amount steadily
climbed by 40 % in Aug. 2018 during corn harvesting. It decreased during the early soybean
growing period in June 2019. However, it recovered in Aug. 2019 and continued to increase to
the highest concentration in Jan. 2020 (Figure 4.9d). Overall, the protein N across treatments was
3.1 mg g-1 (Table 4.2).
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Neither β-glucosidase nor NAGase activities were affected by cover crop treatment at site
3 (Table 4.2) with an average of 20.1 and 9.7 mg p-nitrophenol kg-1h-1, respectively. However,
both enzymes had similar trends over time. Soil β-glucosidase and NAGase activities remained
stable from Oct. 2017 to June 2019 at 16.5 and 7.0 mg p-nitrophenol kg-1h-1, respectively. After
that, the potential activities of both enzymes increased sharply to their highest amounts in Jan.
2020 by 78% for β-glucosidase (Figure 4.9e) and Aug. 2019 by 103% for NAGase (Figure 4.9f).
For the absolute abundance of microbial communities measured by FAME profiles, there
was an interaction between cover crop treatments and soil collection times on total FAME, total
bacteria, GM+, GM-, saprophytic fungi and AMF at site 3. Overall, total FAME, GM+, GM-,
total bacteria, and saprophytic fungi were not affected by cover crop treatment from Oct. 2017 to
Aug. 2018 and Jan. 2020. However, in June 2019 (mid-season soybean) and Aug. 2019 (soybean
harvest) there was a significant difference between treatments (Figure 4.10). The cover crop
treatment in June 2019 increased the populations of those communities compared to no cover
crop. In contrast, in Aug. 2019, the reverse was observed. The microbial biomass, total bacteria,
GM+, and GM- had the same trends under cover cropping, slowly rising from Oct. 2017 to reach
a peak in Aug. 2018 (at corn harvest) and gradually declining until the end of the experiment
(Figure 4.10). On the other hand, under no cover crop treatments, the absolute abundance of
microbial biomass, total bacteria, GM+ and GM- leveled off from Oct. 2017 to June 2019 and
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then reached a peak in Aug. 2019 during soybean harvest before declining again Jan. 2020
(Figure 4.10 a, b, c, e).
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Figure 4.9. Changes in a) soil organic matter, b) respiration, c) active C (POXC), d) protein-N, e)
β-glucosidase and f) β-glucosaminidase (NAGase) overtime at site 3. †P-value denote significant
difference among soil sampling time means with- and without cover crop at α=0.05 (no
interaction between cover crop treatments and soil sampling times).
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The absolute abundance of saprophytic fungi in the cover crop treatment stabilized over
time while the no cover crop treatment displayed the same trend as that of total microbial
biomass and the bacteria communities, decreasing sharply in July 2019 before reaching a peak at
soybean harvest season in Aug. 2019 (Figure 4.10g). The AMFunder the cover crop and no cover
crop treatment had slightly different trends from the other microbial groups. Under cover crops,
AMF reached a peak in Aug. 2018 at corn harvest and then substantially declined until Jan 2020.
However, under no cover crop, AMF peaked in Aug. 2018, declined, then peaked again in Aug.
2019 (with a greater number than the cover crop treatment at the same soil sampling time) but
sharply declined in Jan. 2020 to the same level as the cover crop treatment (Figure 4.10f).
Actinomycetes did not respond to either cover crop treatments (Table 4.3) or soil sampling dates
(Figure 4.10d). However, the soil sampling time influenced fungi:bacteria ratio (Figure 4.10h).
The ratio did not change from the first soil sampling date until Jan. 2020 when a significant
increase in the ratio was observed.
The microbial community structure at site 3 shifted in response to different soil sampling
dates (P=0.001) but not cover crop treatments (P=0.16). The PCoA for site 3 is illustrated in
Figure 4.5c. In Oct. 2017 at the initial time of soil sampling, there was a greater relative
abundance of actinomycetes. During mid-season of the soybean crop (June 2019), there was an
increase in the relative abundance of GM+ while the relative abundance of GM- tend to increase
in Aug. 2019 at soybean harvest. During the fallow season, in Jan. 2020, the protozoa,
saprophytic fungi, and fungi:bacteria ratio increased.
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4.4 Discussion
4.4.1 The cover crop effect
This short-term on-farm study (two and a half years) demonstrated that a multi-species
cover crop could improve certain soil biological properties at specific locations. The results of
each site were considered separately due to the differences in soil textures of these locations.
Several studies have shown that to improve soil health properties, soil texture has a vital role to
maintain or improve the soil productivity and soil biological parameters (Ball et al., 2020;
Muhammad et al., 2021; Nunes et al., 2020). Our study showed that the cover crops impacted
soil organic matter, soil NAGase activity, and soil relative microbial abundance only at site 1
while soil protein-N and β-glucosidase enzyme were improved at site 2.
Of the results, we did not find the impact of cover crops on soil active C and CO2
respiration at any sites. It is possible the duration of the study was not long enough or our sample
collection times were not adequate to detect changes in these parameters. Active soil C indicates
the mineralization potential of the soil C pool or measures the energy source for the soil
microbes (Culman et al., 2012). The microbes consume carbon substrates and release CO2,
therefore, CO2 respiration represents microbial activity in the soil and is often used as an
indicator of soil health (Chu et al., 2019). As various studies demonstrated, improving active soil
C and soil microbial activities requires long-term study. For example, Nunes et al. (2020)
revealed that the positive effects of incorporated cover crops on soil organic matter, active C,
protein-N, and soil respiration characteristics were seen after 4 years of corn production under
the no-till system in the temperate region.
Soil protein-N is an organic pool of N bound in soil organic matter. Microorganisms can
mineralize the protein-N and make inorganic N forms available for the plant to absorb (Hurisso
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et al., 2018). Our study found that soil protein-N concentration was enriched by the cover crop
mix only at site 2 relative to no cover crop. Based on the initial soil conditions, site 2 had higher
soil organic matter than the other two sites and more soil microbial activity according to soil
respiration. Therefore, because site 2 had better initial soil conditions, it may have been easier to
detect changes at this site after establishment of cover crops. We used a mix of grasses, legumes,
and brassicas in our cover crop treatment. Grasses establish fast with a robust root system to
scavenge residual inorganic N, while the legumes are able to fix N. The released N from legumes
could have been taken up by grasses as well. Ball et al. (2020) demonstrated that a mixture of
legumes and grasses in a vineyard agroecosystem in Australia boosted extractable N because of
the combined benefits of N retention of the grass and N fixation of the legumes contributing to
the soil N pool. Under various studies, a legume and non-legumes represented C and N sources
resulting in optimizing C:N balance and slow decomposition rates (Adetunji et al., 2020; BlancoCanqui et al., 2015) which may have provided a steady supply of N. Under ploughed soil in
France, the winter cover crops sustained soil C and N concentrations under wheat-pea-wheat
rotation for 4 years. They found greater soil C and N concentrations under cover crops than bare
soil treatment (Verzeaux et al., 2016).
In general, soil organic matter is reduced by crop cultivation and has led to the reduction
of soil productivity (Reicosky et al., 1995). Our on-farm study showed that the cover-cropped
treatment promoted soil organic matter in comparison to no cover crop only at site 1 by 15%
while at site 2 and site 3 soil organic matter was not affected by the cover crop. Changes in soil
organic matter are related to accumulation of C and N in plant residues (Ding et al., 2006). Cover
cropping was found to increase soil organic matter under a no-till system in an Andisol soil while
tillage and a cover crop did not change the soil organic matter because the cover crop residues
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were incorporated into the soil which enhanced the soil organic matter mineralization
(Wulanningtyas et al., 2021). However, it is possible that the cover crops can improve soil
organic matter over the short-term as we found in our studies. For instance, farmer field research
in a short-term (2-yr) study conducted in Missouri from Rankoth et al. (2019) found that soil
organic matter increased by cover crop implementation. Ding et al. (2006) reported that the soil
organic matter under a mixture of hairy vetch and cereal rye contained higher proportion of
humic substances than cereal rye alone or no cover crop. To build soil organic matter, the input
of C needs to exceed its turnover. In general, the addition of residues into the soil organic matter
pool requires time, with older organic matter continuing to break down if new residues fail to be
added (Kuzyakov, 2010). Another study reported that the incorporation of legumes into rotation
mitigated the loss of soil organic matter in conventional tillage management under temperate
climate even as it reduced soil organic C and N (Plaza-Bonilla et al., 2016).
Microorganisms release enzymes to acquire energy and nutrients from simple and
complex compounds of plant residues and soil organic matter (Allison & Vitousek, 2005;
Tabatabai, 1994). Previous studies demonstrate that cover cropping can increase soil enzymes
because of organic materials added from cover crop biomass (Acosta-Martinez et al., 2007;
Piotrowska & Wilczewski, 2012; Sanchez et al., 2019b; Thapa et al., 2021), however these
results are not consistent. Our results demonstrate that soil β-glucosidase was increased by the
cover crop in the silty soil under a soybean-corn rotation at site 2 compared to a no cover crop
treatment while the other two sites did not differ between treatments. A study by Bandick and
Dick (1999) found similar results. Their study showed that the activity of β-glucosidase was
significantly higher in the mixture of cereal rye (Secale cereal L. var. wheeler) and Austrian
winter pea or red clover (Trifolium pratense L.) as cover crops compared to winter fallow within
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two years after initiation of cover cropping. Our study found that at site 1 NAGase increased in
activity in the winter fallow in comparison to the cover crop treatment while there was no effect
at the other sites. The key role of soil enzyme activities is in the decomposition process which
releases nutrients. A no cover crop system might be limited in C and N concentration. Thus,
microbes released more NAGase to degrade chitin found in fungi ultimately to obtain their C and
N requirements while the microbial communities under the cover crop treatment could receive C
and N from cover crop residues. A study in Colorado and Nebraska reported that either single
species or mixed cover crops (10-species mixed) affected β-glucosidase and NAGase at maturity
of the main crop (wheat) They explained this was because the N fertilizer addition resulted in
providing N for microorganisms and plants (Calderon et al., 2016). Rankoth et al. (2019)
revealed that in an on-farm study under corn-soybean rotation, the cover crop had inconsistent
impacts on soil enzyme activities over time. They found that the no cover crop treatment had
more β-glucosidase across two years while NAGase was greater in the cover crop treatment for
the first year, but in the second year, the NAGase was higher in the no cover crop treatment.
They suggest that it was because of wet conditions which reduced enzyme activities. VeVerka et
al. (2019) reported that there were no effects of cover crop and no cover crop on β-glucosidase
and β-glucosaminidase.
We observed an effect of cover crop on the relative abundance of microbial communities
only for site 1 (Figure 4.4). Total bacteria, GM+, and actinomycetes responded to cover crop
while no cover crop was enriched with saprophytic fungi and fungi:bacteria ratio. This suggests
that in the short-term the mixed cover crop could enhance soil bacteria communities on at least 1
farm. This may be associated with an increase in the soil organic matter that was also measured
at site 1. Due to the fact that this soil condition at the beginning was measured as medium in soil
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biological productivity based on the soil CO2 respiration measurement when the cover crops
were implemented, soil bacterial communities were faster to respond. This is because of an
increase of substrate availability resulting from the use of mixed cover crops (Chavarria et al.,
2016). Chavarria et al. (2016) demonstrated that the short-term establishment of mixed cover
crops in crop rotation increased bacterial phospholipid fatty acid analysis (PLFA), especially
GM+. In the current study under no cover crop treatment did an increase in saprophytic fungi
resulting in a greater fungi:bacteria ratio. This may be explained by the presence of recalcitrant
residues leftover from the main crops. The increased NAGase may be due to the fungi which
have the capacity to release the extracellular enzyme to decompose complex compounds like
cellulose, hemicellulose and lignin of plant residues (Romaní et al., 2006). However, a metaanalysis study revealed that the mixed legume and non-legume cover crops did not affect soil
total bacteria and fungi (PLFA biomarkers) (Muhammad et al., 2021), indicating that further
study across a variety of conditions is still needed.
However, our study demonstrated that the microbial biomass and microbial community
structure in regard to absolute abundance did not respond to the cover crop treatment. A report
by Cates et al. (2019) coincided with our study. They illustrate that even though the cover crops
promoted the microbially-available C, presence or absence of cover crops did not affect the
microbial communities. There are several factors involving soil biological properties and
microbial communities responding to cover crops. Firstly, soil texture plays an important role in
soil health and productivity (Ball et al., 2020; Muhammad et al., 2021; Nunes et al., 2020). Jian
et al. (2020b) found that the soil texture had a more vital role than cover crops and cash crop type
planted. Based on soil particle size composition, site 2 has a finer-textured soil which is typically
faster to improve soil health (Jian et al., 2020b) followed by site 1 with a medium coarse-
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textured soil, while site 3 had a coarse-textured soil. Therefore, site 3 was slower to enhance soil
biological productivity because greater aeration resulted in greater soil organic decomposition
(Nunes et al., 2020). It could be an inability of the soil of site 3 to build soil organic matter due to
smaller surface area which means fewer negative bonds for soil organic matter to attach to.
Limited cover crop biomass production also contributed to low soil biological productivity. Mite
(2020) focused on biomass production and soil nutrients for the same on-farm sites and revealed
that site 3 produced less biomass in 2019. The cover crops were a source of substrates for
microbes for energy and nutrients (Chamberlain et al., 2020). Therefore, less cover crop biomass
resulted in lower C and N availability added into the system. Moreover, the initial soil conditions
were another reason why there was not a change by cover crops in the short-term. The initial soil
was the highest in soil organic matter and soil respiration levels for site 2 resulting in higher soil
biological productivity. Site 3 had poor soil conditions with low soil organic matter and soil
microbial activities. With the poorer soil condition as site 3 more time may be required to
improve soil productivity while the soil that had high soil productivity will be faster to improve
soil health by cover crops.
4.4.2 Effect of soil sampling dates
Soil organic matter, active C, soil respiration, protein-N, soil β-glucosidase, and NAGase
activities were significantly changed overtime for all sites with the exception of soil respiration
at site 2. Similarly, the FAME microbial markers of each microbial group varied following the
seasons of soil sampling, except for actinomycetes. This might be an influence of the main crop
rotations on soil biological properties. A meta-analysis by McDaniel et al. (2014) detected that
adding at least one crop rotation to a monoculture enhanced total soil C (3.6%) and total soil N
(5.3%), and adding a cover crop increased total C by 8.5% and total N 12.8%. Their study
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reveals that solely incorporating a main crop rotation increased soil total C and N which
contributed to increase microbial biomass and soil organic matter formation. Previous works also
reported (Frey et al., 1999; Six et al., 2006).
A very sharp increase occurred in both enzymatic activities regardless of treatments. At
the last time of soil sampling during the fallow period, the β-glucosidase activities increased by
136% for site 1, 130% for site 2, and 147% for site 3 in comparison to initial soil sampling
before establishing cover crop treatments. Surprisingly, the NAGase activity in each site rose at
least by 162 % at site1, 225% at site 2, and 195% at site 3. Soil extracellular enzymes are
sensitive to nutrient input and the N application likely encouraged the acquisition of C (Xiao et
al., 2018). Therefore, we assumed that cover crops with a greater proportion of grass biomass
and residues from the main-crop rotation added more C to the systems. Corn and soybean straws
contained a high C:N ratio (30 for corn and 45 for soybean) and percent of cellulose (30-35%),
hemicellulose (22-24%), and lignin (16-17%) (Wei et al., 2019). While cover crop biomass
contained lower C:N ratio ranged from 8-10:1 for hairy vetch, 20-35:1 for cereal rye (Sievers &
Cook, 2018; Singh et al., 2020), and 12-16:1 for shoot and storage root of forage radish
(Jahanzad et al., 2016) Plus, there was also an effect of nutrient fertilizer applications for the
main crop production to maximize yield. These resulted in stimulating C and N-acquisition
enzymes from microorganisms to meet their energy and nutrients demands.
The absolute abundance of microbial communities were significantly altered depending
on soil sampling times regardless of cover crop or no cover crop treatment (with the exception of
FAME profiles at site 3). In a vegetable cropping system reported by (Schutter et al., 2001), they
found that seasons and site-dependence were a major factor in determining the microbial
community structure, and the shifts in communities occurred as the properties of soil chemical
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and physical parameters changed. They demonstrated that spring had greater fungal populations
due to higher C availability from cover crops which is in agreement with our finding that in early
spring at cover crop termination, increased total fungi resulted in high fungi to bacteria ratio in
all sites. Moreover, in our on-farm study, tillage events, used to prepare the beds before growing
the main crop, adversely affected fungi which are vulnerable to soil disturbances (Frey et al.,
1999; Piazza et al., 2019). During the main crop growing season until harvest, the soil at site 1
was enriched with the relative abundance of total bacteria, and GM+ while site 2 and site 3
shifted toward GM+ only. Another study by (Cates et al., 2019) found that microbial
communities under grass cover crops interseeded in maize production were not affected by cover
crop treatments but significantly differed by date of soil collection. Belay et al. (2002) conducted
N, P, and K fertilizers studies on soil microbial communities under long-term crop rotation in
South Africa. They found that under balanced fertilizer inputs of N, P, and K, soil fungi
increased while bacteria and actinomycetes population did not significantly differ relative to
control (crop rotation). Therefore, they found a positive effect of crop rotation (maize and field
pea rotation) on microbial abundance.
4.5 Conclusions
Considering the mixed cover crop effect in comparison to no cover crop, the cover crop
practice could affect soil biological properties depending on soil texture and row crop production
methods. At site 1, the cover crop treatment promoted soil organic matter by 15% while the
NAGase was higher in the no cover crop treatment. Additionally, microbial communities shifted
because of the presence of cover crops. The cover crop treatment was dominated with total
bacteria, GM+, and actinomycetes population whereas no cover crop saw an increase in
saprophytic fungi populations resulting in the greater fungi:bacteria ratio. The soil protein-N and
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β-glucosidase activity at site 2 were improved by the cover crop mix by 17% and 14%,
respectively. Conversely, at site 3, there was no response to cover crops on soil biological
properties. However, the interaction of cover crops and soil sampling date resulted in a change of
soil microbial community structure. Soil properties in particular soil textures, initial soil
conditions, and cover crop production played a vital role in impacting soil health properties. At
all sites, soil biological properties and microbial communities were significantly altered over
time regardless of cover crop or no cover crop treatment (with the exception of FAME profiles at
site 3). Short-term C mineralization of active C, soil respiration, soil organic matter, microbial
biomass, and communities fluctuated over time. On the other hand, soil protein-N, soil βglucosidase, and NAGase enzymes consistently increased over time. However, the microbial
community structure relative to each microbial group acted differently at each producer site
following soil sampling times. Overall, in this short-term study, we detected positive effects of
cover crops on some soil biological parameters at site 1 and site 2, suggesting improvement of
some soil health indicators following the establishment of cover crops. It was likely that the main
crop rotation had more positive impacts on soil microbiological properties than cover crops
while benefits of cover crops may require more long-term investigation, particularly in row crop
rotations is needed in the Mid-South.
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CHAPTER 5 CONCLUSIONS
The results for the small-scale integrated cover crops and N fertilizer rates in corn
production under the no-till system showed that the cover crops were able to lower the N
fertilizer rate needed for corn production. Corn production grown under legume cover crop types
heightened corn grain yield overall and maximized yield at 90 kg N ha-1, compared to grass &
brassica, which maximized corn grain yield at 179 kg N ha-1. The P concentrations from legume
plots were 19% higher than grass & brassica types. The grass & brassica, however, provided
more K than legumes. Cover crops and N fertilizer applications improved soil health, in
particular, soil enzymes for C and N cycles. Arbuscular mycorrhizal fungi were higher in grass
& brassica treatment than legumes. Regardless of cover crop types, N applications enhanced soil
organic matter by 8% compared to a fallow treatment. Microbial biomass was enriched at 90 to
179 kg N ha-1 applied, compared to 0 and 259 kg N ha-1 rates.
The multi-mix cover crops provided more biomass than the monoculture, bicultures, and
control. Total N assimilated ranged from 25-97 kg N ha-1for the Macon Ridge site and 10-54 kg
N ha-1for the Dean Lee site. Moreover, 3-species mixed treatment tended to have more biomass
and total N per area at both locations. The N and other nutrients were rapidly released
(approximately 50%) within 3 to 4 weeks after termination. Two months after termination,
degradation of biomass contributed to cycling nutrients to the soil. These findings showed that
the optimum timing of inorganic N availability to cash crop began at wk 4 and peaked at wk6
after cover crop termination. CC+HV+RD and CR+HV treatments had greater soil NO3--N
concentration than other cover crop treatments. This study suggested the potential of
CC+HV+RD and CR+HV treatments for synchronous release of N to the main crop N demand
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early in spring. However, soil P, K, and sulfur were not significantly different among cover crop
treatments and fluctuated over the 8wks after termination.
For two and half years of on-farm demonstration among three sites, cover crop impacts
on soil biological properties were site-specific, likely because of soil texture. Soil organic matter
at site 1 under corn-soybean-cotton rotation was improved compared to fallow. At site 2, the soil
under soybean-corn rotation, soil β-glucosidase and soil protein-N concentrations were
increased, with cover crops being higher than fallow. On the other hand, we did not find any
significant improvement by using the cover crops at site 3. Soil enzymes, protein-N, and active C
all increased over time in all fields, whether with- and without cover crop treatments. Microbial
community composition varied followed the dates of soil sampling.
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